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OBJECTIVE:  The  overall  objective  of  our  investigations  is  to  determine  if  interactions 
between  infiltrating  T  lymphocytes  and  airway  smooth  muscle  cells  contribute  to  the 
pathophysiology  of  asthma  in  atopic  patients.  The  specific  aims  of  this  study  were  to> 
define  the  mechanisms  underlying  the  direct  contact  of  T  lymphocytes  and  myocytes  and 
to  determine  the  potential  functional  consequences  of  T  lymphocyte-myocyte  interactions. 

APPROACH:  Primary  human  airway  smooth  muscle  cells  [ASM]  were  isolated  and 
cultured  in  vitro.  Primary  human  peripheral  blood  and  bronchoalveolar  lavage-derived  T 
cells  were  isolated  and  in  some  cases  CD4-positive  T  cells  were  isolated.  ASM  were 
either  directly  co-cultured  with  T  cells  or  ASM  and  T  cells  were  cultured  on  opposites 
sides  of  a  membrane  in  dual  chamber  cultures.  A  quantitative  adhesion  assay  was  used  to 
assess  direct  contact  between  T  cells  and  ASM  in  direct  co-cultures.  Blocking  antibodies 
were  used  to  determine  the  role  of  specific  costimulatory  and  adhesion  molecules  in 
mediating  the  direct  contact  between  T  cells  and  myocytes.  The  effect  of  T  cells  and  T 
cell  derived  cytokines  on  the  expression  of  major  histocompatibility  class  II  molecules  and 
costimulatory  (eg.  CD40  and  B7)  and  adhesion  molecules  (eg.  ICAM,  VCAM  and  CD44) 
on  ASM  was  analysed  by  fluorescence  activated  flow  cytometry.  Antibodies  against  cell 
adhesion  molecules  and  the  costimulatory  molecule  CD40  as  well  as  a  soluble  form  of  the 
ligand  for  CD40,  CD40L,  were  used  to  determine  the  capacity  of  these  cell  surface 
proteins  to  transduce  signals  in  myocytes. 

ACCOMPLISHMENTS: 

We  are  interested  in  the  potential  role  of  leukocyte-smooth  muscle  cell  interactions 
in  the  context  of  airway  inflammation.  Lymphocyte  extravasation  into  areas  of 
inflammation  involves  the  sequential  engagement  of  multiple  cell  adhesion  molecules 
expressed  on  lymphocytes  and  endothelial  cells.  In  addition,  the  expression  of  cell 
adhesion  molecules  and  the  elaboration  of  matrix  by  subendothelial/submucosal  cells  may 
contribute  to  the  retention  and  stimulation  of  infiltrating  cells  in  an  inflammatory  lesion. 
We  demonstrated  that  mitogen-activated  T  cells  adhered  to  ASM  via  integrins  and  CD44 
and  induced  DNA  synthesis  in  airway  smooth  muscle  cells  in  a  contact  dependent  manner. 
Furthermore,  we  demonstrated  that  crosslinking  of  the  antigen  receptor  (TCR)  was 
sufficient  to  induce  T  cell  adhesion  to  ASM.  Moreover,  in  studies  with  bronchoalveolar 
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Critical  progress  has  been  made  in  the  identification  and  characterization  of  cells 
and  mediators  involved  in  allergic  inflammation.  Accumulating  evidence  supports  the 
importance  of  cell  adhesion  molecule  expression  as  an  initiating  process  in  tissue 
inflammation.  Despite  progress  made  to  date,  much  is  still  unknown  about  the  exact 
mechanisms  responsible  for  this  inflammatory  response.  Scientists  have  been  working 
to  understand  the  selective  cell  recruitment  operating  in  allergic  disease  with  the 
hope  of  discovering  therapeutic  intervention  strategies  that  will  prevent  the 
accumulation  of  unwanted  cells  in  inflamed  airways.  Research  has  been  directed  at 
developing  various  approaches  to  generate  specific  antagonists.  Some  approaches 
under  study  interupt  airway  inflammation  in  its  early  stages  during  leukocyte- 
endothelial  interactions.  Other  approaches  inhibit  cell  recruitment  at  the  endothel¬ 
ial  wall.  Many  studies  have  been  done,  both  in  vivo  and  in  vitro,,  and  the  advances 
that  have  been  made  suggest  that  these  therapeutic  interventions  may  be  the  keys  to 
controlling  and,  possibly,  curing  asthma  and  allergic  reactions. 
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lavage-derived  T  cells  isolated  from  atopic  donors  following  local  antigen  challenge,  we 
observed  adhesion  to  ASM. 

ASM  are  MHC  class  II-negative  and  express  low  basal  levels  of  intercellular 
adhesion  molecule- 1  (ICAM-1).  We  demonstrated  however  that  activated  T  cell-derived 
cytokines  upregulated  expression  of  HLA-DR  and  ICAM-1  on  ASM.  Furthermore,  we 
demonstrated  that  exposure  to  the  inflammatory  cytokine  TNFa  augmented  the  sensitivity 
of  ASM  to  a  variety  of  contractile  agonists.  Thus,  T  cells  activated  in  vitro  and 
bronchoalveolar  lavage-derived  T  cells  induced  the  expression  of  HLA-DR  and  markedly 
upregulated  ICAM-1  expression.  The  induction  of  HLA-DR  was  completely  inhibited, 
and  the  induction  of  ICAM-1  partially  inhibited  by  neutralizing  antibody  against 
interferon-y.  Despite  expression  of  ICAM-1  and  HLA-DR,  ASM  could  not  present 
alloantigen  to  CD4+  T  cells. 

Taken  together,  these  findings  suggest  that  the  interaction  of  activated  T  cells  with 
parenchymal  cells  of  the  lung  such  as  airway  smooth  muscle  affects  the  phenotype  of 
myocytes  and  thus  may  have  significant  implications  for  inflammatory  diseases  such  as 
asthma  or  transplant  rejection. 

To  further  pursue  the  potential  role  of  direct  contact  between  infiltrating 
lymphocytes  and  parenchymal  cells  in  modulating  the  inflammatory  response  we 
investigated  the  expression  of  costimulatory  molecules  on  ASM.  We  did  not  detect 
expression  of  B7  (which  can  provide  a  costimulatory  signal  to  T  cells  through  ligation  of 
CD28)  on  the  surface  of  unstimulated  or  cytokine  activated  ASM.  However,  we  found 
that  ASM  express  CD40. 

CD40  is  a  member  of  the  TNF  receptor  family  that  was  initially  described  on  the 
surface  of  B  cells.  Recently,  CD40  has  also  been  described  on  mesenchymal  cells  such  as 
endothelial  cells  and  fibroblasts  where  engagement  of  CD40  by  its  ligand,  CD40L,  can 
lead  to  upregulation  of  costimulatory  and  cell  adhesion  molecules  as  well  as  secretion  of 
proinflammatory  cytokines.  Since  airway  inflammation  potentially  involves  cell-cell 
interactions  of  T  cells  and  eosinophils  (which  express  CD40L)  with  ASM,  we  postualted 
that  ASM  may  express  CD40  and  that  engagement  of  ASM  CD40  may  modulate  smooth 
muscle  cell  function.  We  demonstrated  that  CD40  is  expressed  on  cultured  human  ASM 
and  that  expression  can  be  increased  by  treatment  with  tumor  necrosis  factor  (TNF)  or 
interferon-gamma  (IFN-y).  Crosslinking  CD40  on  ASM  resulted  in  enhanced  secretion  of 
interleukin-6  (IL-6)  and  an  increase  in  intracellular  calcium  concentrations  which  was 
dependent  on  calcium  influx.  We  showed  that  CD40-mediated  signaling  events  include 
protein  tyrosine  phosphorylation  and  activation  of  the  transcription  factor  NF-kB. 
Pretreatment  of  ASM  with  the  tyrosine  kinase  inhibitors  genistein  or  herbimycin  inhibited 
the  rapid  mobilization  of  calcium  induced  via  CD40  suggesting  that  calcium  mobilization 
was  coupled  to  upstream  activation  of  protein  tyrosine  kinases.  In  addition,  inhibition  of 
calcium  influx  inhibited  both  CD40-mediated  NF-kB  activation  and  enhancement  of  IL-6 
secretion.  These  studies  therefore  delineated  a  potentially  important  CD40-mediated 
signal  transduction  pathway  in  ASM,  involving  protein  tyrosine  kinase-dependent  calcium 
mobilization,  NF-kB  activation  and  IL-6  production.  Together,  these  results  suggest  a 
mechanism  whereby  T  cell  or  eosinophil  interactions  with  smooth  muscle  cells  may 
potentiate  airway  inflammation. 


CONCLUSIONS: 

These  studies  lead  to  several  important  conclusions.  We  established  that  in 
addition  to  the  essential  previously  defined  role  of  cell  adhesion  molecules  in  lymphocyte 
trafficking,  integrins  and  CD44  can  mediate  the  adhesion  of  infiltrating  lymphocytes  to 
parenchymal  cells  such  as  smooth  muscle  cells.  Thus,  in  addition  to  the  production  of 
soluble  inflammatory  mediators,  contact  dependent  cell-cell  interactions  may  provide 
additional  mechanisms  by  which  infiltrating  lymphocytes  can  affect  parenchymal  cell 
function.  Importantly,  we  established  that  T  cell  adhesion  induces  DNA  synthesis  in 
ASM.  We  further  demonstrated  that  engagement  of  CD40  on  ASM  by  CD40L, 
expressed  for  example  on  activated  T  cells  and  eosinophils,  can  mediate  signal 
transduction  in  myocytes  leading  to  downstream  responses  such  as  calcium  mobilization 
and  the  release  of  inflammatory  mediators.  The  capacity  of  cell  adhesion  molecules  to 
mediate  signal  transduction  in  airway  smooth  muscle  and  the  impact  of  the  amplification 
loops  we  described  on  the  function  of  infiltrating  lymphocytes  will  be  the  subject  of  future 
investigations. 

SIGNIFICANCE: 

The  smooth  muscle  cell  is  one  of  the  most  important  effector  cells  within  the  airway  and  is 
directly  responsible  for  the  increases  in  airway  reactivity  that  characterize  diseases  of 
airway  inflammation  such  as  asthma.  The  mechanisms  by  which  ASM  are  affected  dufieng 
inflammation  are  multifactorial  including  the  release  of  soluble  bronchoconstrictors  and 
cytokines.  A  third,  less  well  studied,  mechanism  involves  contact-dependent  cell-to-cell 
interactions  of  ASM  with  activated  inflammatory  cells  within  the  airway  parenchyma.  Our 
findings  over  the  past  several  years  have  established  that  the  role  of  cell  adhesion 
molecules  go  beyond  the  trafficking  of  lymphocytes  to  sites  of  inflammation  by  mediating 
their  adhesion  to  endothelial  cells  and  transendothelial  migration.  We  established  that 
adhesion  molecules  also  play  and  important  role  in  mediating  interactions  between 
infiltrating  lymphocytes  and  parenchymal  cells.  Furthermore,  this  work  established  that  in 
addition  to  adhesion  molecules,  ASM  can  express  costimulatoiy  receptors  such  as  CD40. 
Moreover,  the  expression  of  major  histocompatibility  class  II  molecules,  adhesion 
receptors  and  CD40  are  regulated  by  inflammatory  mediators  thus  providing  an 
amplification  loop  that  could  lead  to  enhanced  interactions  between  infiltrating 
lymphocytes  and  ASM.  Importantly,  these  studies  established  that  T  cell-myocyte 
interactions  can  mediate  signal  transduction  and  induce  functional  changes  in  the 
parenchymal  cells  that  are  associated  with  the  pathophysiology  of  inflammation  such  as 
DNA  synthesis,  calcium  mobilization  which  is  required  for  muscle  contraction  and 
enhanced  release  of  inflammatory  mediators  such  as  interleukin-6.  In  addition,  such  cell¬ 
cell  interactions  are  likely  to  in  turn  regulate  the  function  of  the  immune  cells.  Definition 
of  immune  amplification  loops  such  as  those  described  in  this  study  provide  potential 
targets  for  therapeutic  interventions  that  may  impact  on  the  acute  symptoms  associated 
with  diseases  involving  airway  inflammation  such  as  asthma  and  bronchiolitis  obliterans. 
Furthermore,  interruption  of  such  amplification  loops  could  impact  on  the  tissue 
remodeling  often  associated  with  chronic  inflammation. 

In  summary  these  studies  provide  new  insight  into  the  role  of  cell  adhesion  molecules  in 


airway  inflammation  and  implicate  ASM  as  an  immunomodulatory  component  of  airways. 
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The  current  model  of  lymphocyte  extravasation  into  areas  of  inflammation  involves  the  sequential  engage¬ 
ment  of  multiple  cell  adhesion  molecules  (CAMs)  expressed  on  lymphocytes  and  endothelial  cells.  In  addi¬ 
tion,  the  expression  of  CAMs  and  the  elaboration  of  matrix  by  subendothelial/submucosal  cells  may  con¬ 
tribute  to  the  retention  and  stimulation  of  infiltrating  cells  in  an  inflammatory  lesion.  We  previously 
demonstrated  that  mitogen-activated  T  cells  adhered  to  airway  smooth  muscle  (ASM)  in  an  integrin- 
dependent  fashion.  ASM  are  MHC  class  II-negative  and  expressed  low  basal  levels  of  intercellular  adhe¬ 
sion  molecule-1  (ICAM-1).  In  this  study,  we  demonstrate  that  anti-CD3-stimulated  peripheral  blood  T  cells 
also  adhere  to  ASM  and  markedly  upregulate  ICAM-1  expression  and  induce  the  expression  of  MHC  class 
II  on  ASM.  The  induction  of  HLA-DR  was  completely  inhibited,  and  the  induction  of  ICAM-1  partially 
inhibited,  by  neutralizing  antibody  against  interferon-7.  Furthermore,  in  studies  with  bronchoalveolar 
lavage-derived  T  cells  isolated  from  atopic  donors  following  local  antigen  challenge,  we  observed  adhesion 
to  ASM  and  upregulation  of  ASM  expression  of  ICAM-1  and  HLA-DR  similar  to  that  seen  with  in  vitro - 
activated  T  cells.  Finally,  we  found  that  despite  expression  of  ICAM-1  and  HLA-DR,  ASM  could  not  pres¬ 
ent  alloantigen  to  CD4*  T  cells.  These  findings  suggest  that  the  interaction  of  activated  T  cells  with  pa¬ 
renchymal  cells  of  the  lung  such  as  airway  smooth  muscle  affects  the  phenotype  of  myocytes  and  thus 
may  have  significant  implications  for  inflammatory  diseases  such  as  asthma  or  transplant  rejection. 
Lazaar,  A.  L.,  H.  E.  Reitz,  R.  A.  Panettieri,  Jr.,  S.  P.  Peters,  and  E.  Pure.  1997.  Antigen  receptor- 
stimulated  peripheral  blood  and  bronchoalveolar  lavage-derived  T  cells  induce  MHC  class  II  and 
ICAM-1  expression  on  human  airway  smooth  muscle.  Am.  J.  Respir.  Cell  Mol.  Biol.  16:38-45. 


The  classic  model  of  T-cell  activation  is  a  two-step  process 
requiring  engagement  of  the  T-cell  receptor  (TCR)  with  anti¬ 
gen  and  of  a  costimulatory  receptor  such  as  CD28  with  its 
ligand  CD80  or  CD86  on  an  antigen-presenting  cell  (APC) 
(1, 2).  This  results  in  T-cell  proliferation  and  enhanced  T-cell 
effector  functions  such  as  cytokine  production.  T-cell  activa¬ 
tion  also  leads  to  an  increased  affinity  of  cell  adhesion  mole¬ 
cules  (CAMs)  such  as  LFA-1  and  CD44  for  their  ligands  (3). 
CAMs  are  critical  to  lymphocyte  homing  to  areas  of  inflam¬ 
mation,  as  well  as  for  lymphocyte  interactions  with  intersti¬ 
tial  cells  such  as  smooth  muscle  cells  and  with  extracellular 
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matrix  proteins.  The  adhesion  of  activated  T  cells  via  CAMs, 
along  with  T-cell-derived  cytokines  and  growth  factors,  can 
induce  changes  in  gene  expression  and  cell  growth  in  the  tar¬ 
get  cell.  For  example,  co-incubation  of  T  cells  leads  to  the 
induction  of  intercellular  adhesion  molecule-1  (ICAM-1)  and 
HLA-DR  on  resting  keratinocytes  (4).  NK  cells  can  bind  to 
allogeneic  endothelial  cells  in  vitro  and  upregulate  expres¬ 
sion  of  MHC  class  II  antigens  (5).  Similarly,  we  have  previ¬ 
ously  demonstrated  that  mitogen-activated  T  cells  can  ad¬ 
here  to  airway  smooth  muscle  (ASM)  via  ft  and  ft  integrins 
and  CD44,  leading  to  increased  smooth  muscle  cell  DNA 
synthesis  (6).  These  data  suggest  that  T  cells  can  have  pro¬ 
found  effects  on  parenchymal  cells  in  areas  of  inflammation. 

Antigen  presentation  by  “professional”  APCs  such  as  den¬ 
dritic  cells  that  constitutively  express  high  levels  of  MHC 
class  II  and  costimulatory  molecules  such  as  B7  has  been 
well  characterized  (7).  Increasing  evidence,  however,  sup¬ 
ports  the  existence  and  function  of  nonprofessional  APCs 
that  inducibly  express  MHC  class  II  and/or  costimulatory 
molecules.  Keratinocytes,  endothelial  cells,  and  smooth  mus¬ 
cle  cells  can  express  MHC  class  II  antigens  following  ex- 
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posure  to  interferon-7  (IFN-7)  (4,  8,  9).  Both  keratinocytes 
and  endothelial  cells  have  been  shown  to  provide  costimula¬ 
tory  signals  to  support  T-cell  proliferation,  however  these 
signals  do  not  appear  to  be  mediated  by  the  CD28  ligand  B7 
(4, 8, 10).  The  potential  of  CAMs  to  transduce  costimulatory 
signals  is  controversial,  though  there  is  evidence  to  suggest 
that  the  interaction  of  LFA-1,  VLA-4,  arid  possibly  cu$i 
with  their  respective  ligands  can  provide  signals  leading  to 
T-cell  activation  (11-14). 

Lymphocyte  infiltration  is  prominent  in  many  diseases 
characterized  by  smooth  muscle  cell  hyperplasia,  most  nota¬ 
bly  asthma  and  atherosclerosis.  However,  the  mechanisms  of 
lymphocyte-smooth  muscle  cell  interactions  are  not  com¬ 
pletely  defined.  In  addition,  the  consequences  of  this  poten¬ 
tial  interaction  are  not  known.  For  example,  does  adhesion 
of  activated  T  cells  affect  the  phenotype  or  alter  proliferation 
rates  of  myocytes?  Alternatively,  can  smooth  muscle  cells 
present  antigen  and  promote  T-cell  proliferation?  Previous 
data  regarding  the  ability  of  smooth  muscle  cells  to  act  as 
APCs  are  contradictory.  While  several  groups  showed  that 
vascular  smooth  muscle  (VSM)  inhibited  T-cell  proliferation 
(15,  16),  others  showed  that  VSM  could  induce  T-cell  pro¬ 
liferation  (17).  No  studies  have  addressed  whether  ASM  can 
induce  T-cell  proliferation.  In  this  study  we  investigated 
whether  T  cells  activated  through  the  TCR  by  crosslinking 
with  anti-CD3  antibodies  in  vitro ,  or  BAL-derived  T  cells 
isolated  from  atopic  donors  following  antigen  challenge,  ad¬ 
here  to  ASM.  In  addition,  we  studied  the  effect  of  activated 
T  cells  on  the  expression  of  CAMs  and  MHC  class  II  on 
ASM.  Finally,  we  determined  whether  ASM  could  function 
as  an  APC  and  promote  T-cell  proliferation  in  response  to 
alloantigen. 

Materials  and  Methods 

Antibodies  and  Reagents 

The  following  murine  monoclonal  antibodies  were  used  at  10 
fig/ ml  of  purified  Ig,  except  where  indicated:  OKT3  (anti- 
CD3;  American  Type  Culture  Collection  [ATCC],  Rockville, 
MD);  OKT8  (anti-CD8;  ATCC);  93  (blocking  anti-CD25; 
gift  of  Dr.  G.  Trinchieri,  Wistar  Institute,  Philadelphia,  PA); 
B159  (anti-CD56;  gift  of  G.  Trinchieri);  IB4  (anti-ft  inte- 
grin;  gift  of  Dr.  S.  Wright,  Rockefeller  University,  New 
York,  NY  [18]);  RR6.5  (anti-ICAM-1;  gift  of  Dr.  R.  Roth- 
lein,  Boehringer  Ingelheim  Pharmaceuticals,  Ridgefield,  CT 
[19]);  15/7  03,  integrin  activation  epitope;  gift  of  Dr.  T. 
Yednock  [20]);  B33.1  (anti-HLA-DR,  gift  of  Dr.  G.  Trin¬ 
chieri  [21]);  anti-HLA-ABC  (Pel-Freez  Biologicals,  Rogers, 
AK).  The  following  antibodies  were  used  as  ascites  at  the  in¬ 
dicated  dilutions:  9.3  (anti-CD28,  1:500;  gift  of  Dr.  P.  Lins- 
ley,  Bristol-Meyers  Squibb  Pharmaceutical  Research  Insti¬ 
tute,  Seattle,  WA  [22]);  B133.5  (anti-IFN-7,  1:1,000;  gift  of 
Dr.  G.  Trinchieri  [23]);  P5D2  (anti-/3,  integrin,  1:500;  De¬ 
velopmental  Studies  Hybridoma  Bank,  University  of  Iowa, 
Iowa  City,  IA  [24]).  The  rabbit  polyclonal  antibodies  spe¬ 
cific  for  TNFa  (16-247,  gift  of  Dr.  B.  Sherry,  Picower  Insti¬ 
tute  for  Medical  Research,  Manhasset,  NY)  and  lym- 
photoxin  (Pepro  Tech  Inc.,  Rocky  Hill,  NJ)  were  used  at  a 
dilution  of  1:100.  The  anti-CD44  mAb  5F12  (gift  of  Dr.  B. 
Haynes,  Duke  University  Medical  Center,  Durham,  NC 


[25])  was  prepared  from  an  ammonium  sulfate  cut  of  hybrid¬ 
oma  supernatant  and  used  at  1:50.  The  cytokines  used  in¬ 
cluded:  TNFa  (1,000  U/ml;  Boehringer  Mannheim,  Indi¬ 
anapolis,  IN);  IFN-7  (1,000  U/ml;  Genzyme,  Cambridge, 
MA);  lymphotoxin  (2  ng/ml,  Pepro  Tech  Inc.). 

Cell  Culture 

Human  ASM  was  obtained  from  the  trachealis  muscle  of 
lung  transplant  donors  in  accordance  with  the  policies  of  the 
Committee  on  Studies  involving  Human  Beings  at  the  Uni¬ 
versity  of  Pennsylvania.  ASM  cells  were  purified  as  previ¬ 
ously  described  (26)  and  cultured  in  Ham’s  FI  2  supple¬ 
mented  with  penicillin,  streptomycin,  glutamine,  HEPES, 
and  10%  FBS  (fetal  bovine  serum).  A  minimum  of  3  differ¬ 
ent  smooth  muscle  cell  lines  were  used.  Characterization  of 
the  cultured  smooth  muscle,  including  staining  for  smooth 
muscle-specific  actin  and  responsiveness  to  contractile  ago¬ 
nists,  has  been  previously  described  (26). 

Human  PBMC  were  obtained  from  healthy  donors  after 
Ficoll-Hypaque  (Pharmacia  LKB,  Piscataway,  NJ)  gradient 
centrifugation.  T  cells  were  first  enriched  by  resetting  with 
neuraminidase-treated  (Sigma,  St.  Louis,  MO)  sheep  red 
blood  cells  (Rockland  Inc.,  Gilbertsville,  PA).  When  indi¬ 
cated,  CD4+  T  cells  were  further  isolated  by  negative  se¬ 
lection  using  magnetic  beads  (Dynal,  Lake  Success,  NY) 
and  antibodies  against  CD8,  CD56,  and  HLA-DR.  Cells 
were  cultured  for  2  days  in  RPMI  1640  supplemented  with 
penicillin,  streptomycin,  gentimycin,  fungizone,  glutamine, 
and  10%  FBS.  For  stimulation  with  anti-CD3  and  anti- 
CD28,  6  well  plates  were  coated  with  15  jig/ml  of  OKT3  in 
phosphate-buffered  saline  for  1  h  at  37°C,  followed  by  wash¬ 
ing.  Anti-CD28  ascites  was  used  at  a  1:500  dilution.  Mito¬ 
gen-activated  T  cells  were  stimulated  for  2  days  with  phorbol 
12,13-dibutyrate  (5  ng/ml;  Sigma)  and  ionomycin  (250  nM; 
Sigma). 

Bronchoalveolar  Lavage  (BAL) 

The  protocols  to  obtain  BAL  were  approved  by  the  Insti¬ 
tutional  Review  Board  of  Jefferson  Medical  College.  Vol¬ 
unteers  were  screened  for  ragweed  allergy  and  seasonal 
rhinitis.  Ragweed  sensitivity  and  response  to  whole-lung 
challenge  with  purified  ragweed  antigen  (amb  A I)  were  es¬ 
tablished  as  previously  described  (27).  Segmental  antigen 
challenge  was  also  performed  as  previously  described  (28). 
Briefly,  on  day  1  the  subject  underwent  BAL  with  150  ml  sa¬ 
line,  followed  by  antigen  instillation  into  a  right  middle  lobe 
segmental  bronchus.  On  day  2,  the  challenged  segment  was 
lavaged  as  above.  BAL  fluid  was  filtered  through  gauze  and 
the  cells  were  pelleted  by  centrifugation  and  counted.  T  cells 
were  isolated  by  E-rosetting,  as  described  above. 

Adhesion  Assay 

Adhesion  assays  were  performed  using  total  T  cells  and 
confluent  ASM  in  24-well  plates  as  previously  described  (6). 
Briefly,  T  cells  were  activated  with  anti-CD3/anti-CD28  as 
described  above  for  2  days  and  were  labeled  during  the  final 
16  h  with  2  /iCi/ml  [3H]-thymidine  (specific  activity  20 
Ci/mmol;  New  England  Nuclear,  Boston,  MA).  Where  indi¬ 
cated,  ASM  was  stimulated  with  TNFa  (1,000  U/ml)  over¬ 
night.  T  cells,  6  x  105,  were  added  to  ASM  in  a  total  vol- 
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lime  of  0.5  ml  and  incubated  at  37°C  forth.  The  nonadherent 
cells  were  removed  by  washing,  and  the  adherent  cells  were 
lysed  with  detergent  and  harvested;  radioactive  counts  were 
quantitated  in  a  liquid  scintillation  counter.  Results  are  ex¬ 
pressed  as  mean  counts  per  minute  (cpm)  ±  SD  of  triplicate 
wells.  Where  indicated,  T  cells  were  pretreated  with  block¬ 
ing  antibodies  for  45  min  at  4°C. 

Flow  Cytometry 

Confluent  ASM  in  12-well  plates  were  incubated  with  media 
alone  or  with  4  X  105  CD4*  T  cells  for  72  h.  Where  indi¬ 
cated,  co-cultures  contained  antibodies  specific  for  TNFa  or 
IFN-y.  The  wells  were  washed  and  single-cell  suspensions 
were  prepared  using  trypsin/EDTA.  Cells  were  stained  with 
antibodies  specific  for  ICAM-1,  HLA-DR,  or  HLA-ABC, 
followed  by  FITC-conjugated  goat  antimouse  IgG  (Jackson 
ImmunoResearch  Laboratories,  Westgrove,  PA),  and  ana¬ 
lyzed  using  a  FACScan  (Becton  Dickinson,  San  Jose,  CA) 
and  CellQuest  software.  T  cells  were  excluded  from  the  anal¬ 
ysis  by  gating  on  ASM  cells  using  forward  and  side  scatter. 

Antigen  Presentation 

Single-cell  suspensions  of  ASM  stimulated  for  3  days  with 
1,000  U/ml  IFN-y  were  prepared  using  trypsin/EDTA, 
washed,  and  7,500  cells  were  replated  in  96-well  flat  bottom 
plates  and  allowed  to  adhere  for  4  h  at  37°C.  ASM  cells  were 
irradiated  with  2,000  rads  from  a  l5,Cesium  source  prior  to 
the  addition  of  T  cells.  Allogeneic  PBMC  were  prepared  as 
described  above  and  irradiated  with  4,000  rads.  Varying 
concentrations  of  CD4*  T  cells  were  added  in  200  /rl  of 
Ham’s  F12  and  10%  human  AB  serum  (Scantibodies  Labora¬ 
tory,  Santee,  CA).  Where  indicated,  CD4+  T  cells  were  pre¬ 
treated  with  anti-CD28  for  45  min  at  4°C,  washed,  and  added 
to  the  cultures  in  the  presence  of  10  /ig/ml  goat  antimouse 
IgG  to  crosslink  the  receptor.  Cultures  were  pulsed  for  the 
final  24  h  of  a  5-day  incubation  with  1  /tC i/well  [JH]-thy- 
.  midine,  harvested  onto  glass  fiber  filters,  and  counted.  All 
values  are  expressed  as  mean  cpm  ±  SD  of  triplicate  wells. 

Statistical  Analysis 

Data  are  expressed  as  mean  ±  SD.  The  difference  in  adhe¬ 
sion  of  unstimulated  and  activated  T  cells  to  ASM  was  as¬ 
sessed  by  analysis  of  variance  with  the  Bonferroni  correction 
for  multiple  comparisons.  Differences  in  thymidine  incorpo¬ 
ration  in  the  assay  of  antigen  presentation  was  assessed  by 
an  unpaired  t  test. 

Results 

CD3-activated  T  Cells  Adhere  to  ASM  via 
ft  and  ft  Integrins 

Increased  adhesion  via  integrins  is  an  early  response  of 
T  cells  to  activation  signals  (3).  The  question  remains 
whether  different  activation  signals  are  equivalent  in  terms 
of  increased  integrin  affinity.  We  compared  the  adhesion  to 
ASM  of  T  cells  activated  by  phorbol  ester  and  ionomycin, 
immobilized  anti-CD3,  soluble  anti-CD28,  or  anti-CD3  plus 
anti-CD28.  We  confirmed  our  previous  report  that  T  cells  ac¬ 
tivated  by  phorbol  ester  and  ionomycin  adhered  to  ASM  via 
LFA-l/ICAM-1,  VLA-4/VCAM-1,  and  CD44  (6).  T  cells  ac¬ 
tivated  by  immobilized  anti-CD3  alone  or  in  combination 


with  anti-CD28  adhered  equally  as  well  as  mitogen-arrival 
T  cells  to  resting  ASM  (Figure  1).  Adhesion  of  anti-CD3- 
and  anti-CD3/CD28-stimulated  T  cells  was  enhanced  by 
52%  and  89% ,  respectively,  when  the  ASM  were  pretreated 
with  TNFa,  compared  with  untreated  ASM.  We  phenotyped 
the  adherent  and  nonadherent  T  Cells  and  found  that  the  ratio 
of  CD4*  and  CD8+  cells  following  adhesion  to  untreated  or 
TNF-stimulated  ASM  corresponded  to  their  representation 
in  the  input  population  of  total  T  cells.  Thus,  there  was  no 
apparent  selectivity  for  either  T-cell  subset  in  this  assay. 
T  cells  incubated  with  soluble  anti-CD28  alone  adhered 
only  slightly  better  than  unstimulated  T  cells,  despite  the  in¬ 
duction  of  the  0,  activation  epitope  15/7  (20)  (Figure  2). 
These  data  indicate  that  crosslinking  the  TCR  is  sufficient  to 
induce  adhesion  to  ASM.  Adhesion  of  CD3/CD28-activated 
T  cells  to  resting  ASM  was  completely  blocked  by  a  combi¬ 
nation  of  mAbs  to  ft  (P5D2)  and  02  (IB4)  integrins  (Figure 
3).  However,  adhesion  of  activated  T  cells  to  TNFa-treated 
ASM  was  only  partially  blocked  by  antibodies  to  0,  and  ft 
integrins,  on  average  80%  (Figure  3).  The  addition  of  anti- 
CD44  antibody  abrogated  the  integrin-independent  adhesion 
to  TNFa-treated  ASM.  Antibodies  specific  for  et£n  had  no 
effect  on  T-cell  adhesion  to  ASM  (data  not  shown). 

CD3-activated  T  Cells  Induce  ASM  Expression  of 
CAMs  and  MHC  Class  II 

ASM  constitutively  express  only  low  levels  of  ICAM-1  and 
VCAM-1  and  are  MHC  class  E-negative.  Therefore  we  ex¬ 
amined  whether  co-culture  with  activated  T  cells  could  in¬ 
duce  the  expression  of  cell  adhesion  receptors  and  MHC 
molecules  on  ASM.  Resting  ASM  was  co-cultured  for  3  days 
with  activated  CD4*  T  cells,  then  analyzed  by  flow  cytom¬ 
etry  for  expression  of  ICAM-1,  VCAM-1,  CD44,  HLA-ABC, 
and  HLA-DR.  Resting  ASM  displayed  moderate  staining  for 


U/S  PD/10  C03  CD3/CD28 

T  cell  stimulation 


Figure  I.  Anti-CD3  is  sufficient  to  induce  T-cell  adhesion  to  ASM . 
Either  unstimulated  (u/s),  phorbol  ester  and  ionomycin  (PD/IO)-, 
immobilized  anti-CD3  (CD3)-,  or  anti-CD3  and  soluble  anti-CD28 
(CD3/CD28)-activated  T  cells  were  allowed  to  adhere  to  untreated 
( black  bars )  or  TNF-stimulated  (shaded  bars)  ASM  as  described. 
Data  are  expressed  as  mean  percent  adhesion  ±  SD  and  are  repre¬ 
sentative  of  3  experiments.  *P  <  0.0001  compared  with  adhesion 
of  unstimulated  T  cells  to  untreated  ASM;  **P  <  0.0002  compared 
with  adhesion  of  unstimulated  T  cells  to  TNF-stimulated  ASM. 
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Figure  2.  Soluble  anti-CD28  induces  the  0, -specific  activation 
epitope  15/7  on  peripheral  blood  T  cells.  Either  unstimulated  (u/s), 
immobilized  anti-CD3  (CD3)-,  soluble  CD28  (CD28)-,  or  anti- 
CD3  and  soluble  anti-CD28  (CD3/CD28)-activated  T  cells  were 
stained  with  antibodies  specific  for  the  0V -specific  activation  epi¬ 
tope  15/7  and  analyzed  by  flow  cytometry.  The  data  are  representa¬ 
tive  of  3  experiments. 


ICAM-1  and  MHC  class  I,  and  no  detectable  expression  of 
MHC  class  II  (Figure  4).  Following  a  3-day  co-culture  with 
activated  T  cells,  expression  of  ICAM-1  and  class  II  were  in¬ 
creased  9.7-  and  6-fold,  respectively,  over  baseline,  while  ex¬ 
pression  of  class  I  was  unchanged  (Figure  4).  VCAM-1  was 
minimally  detected  on  resting  ASM,  and  was  moderately  in¬ 
creased  following  co-culture  with  activated  T  cells,  although 
to  a  much  lesser  extent  than  ICAM-1  (data  not  shown).  This 
is  in  contrast  to  the  marked  upregulation  of  both  ICAM-1  and 
VCAM-1  on  ASM  induced  by  TNFa  (6).  CD44  expression 
was  constitutively  high  on  resting  ASM  (6)  and  was  un- 
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Figure  3.  and  integrin  antibodies  block  adhesion  of  T  cells 
to  ASM.  Anti-CD3/anti-CD28-stimuIated  T  cells  were  allowed  to 
adhere  to  untreated  (black  bars)  or  TNF-stimulated  (shaded  bars) 
ASM.  Where  indicated,  T  cells  were  pretreated  with  blocking  anti¬ 
bodies  to  CD44  or  and  &  integrins.  Data  are  expressed  as 
mean  percent  inhibition  of  adhesion  in  triplicate  wells  and  are  rep¬ 
resentative  of  5  experiments.  Percent  inhibition  =  (%  adhesion 
with  antibody  —  %  adhesion  of  unstimulated  ce!ls)/(%  adhesion 
without  antibody  -  %  adhesion  of  unstimulated  cells).  Inhibition 
greater  than  100%  indicates  that  adhesion  of  stimulated  cells  in  the 
presence  of  blocking  antibodies  was  less  than  that  observed  for  un¬ 
stimulated  cells  alone. 


Figure  4.  T  cell-induced  ASM  expression  of  MHC  class  II  and 
ICAM-1  is  contact- independent.  ASM  was  incubated  with  media 
alone  (bold  line),  with  activated  CD4+  T  cells  in  direct  contact 
(thin  line),  or  with  activated  CD4+  T  cells  separated  by  a  polycar¬ 
bonate  membrane  in  the  upper  chamber  of  a  Transwell  (dotted 
line).  After  3  days,  ASM  was  stained  with  antibodies  for  MHC 
class  I,  MHC  class  II,  and  ICAM-1,  and  analyzed  by  flow  cytome¬ 
try.  The  data  are  representative  of  4  experiments. 


changed  following  co-culture  with  activated  T  cells  (data  not 
shown). 

To  determine  the  kinetics  of  upregulated  expression,  con¬ 
fluent  ASM  was  incubated  with  activated  T  cells  and  changes 
in  the  expression  of  ICAM-1  and  HLA-DR  were  determined 
by  flow  cytometry  on  days  1, 2,  and  3.  Maximal  ICAM-1  ex¬ 
pression  was  detectable  by  24  h  and  was  sustained  over  the 
next  2  days  (Figure  5).  In  contrast,  HLA-DR  was  not  detect¬ 
able  on  day  1  but  gradually  increased  over  days  2  and  3  (Fig¬ 
ure  5).  Unstimulated  T  cells  induced  low  levels  of  ICAM-1 
expression  on  ASM  but  had  no  effect  on  HLA-DR  expression 
(data  not  shown). 


Figure  5.  Kinetics  of  ICAM-1  and  HLA-DR  induction.  ASM  was 
incubated  in  media  alone  (bold  line)  or  with  activated  CD4+  T 
cells  for  1  (thin  line),  2  (dotted  line),  or  3  (broken  line)  days,  then 
stained  with  antibodies  to  ICAM-1  or  HLA-DR  as  described.  The 
data  are  representative  of  2  experiments. 
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IFN-*y  Mediates  T  Cell-induced  ASM  Expression  of 
ICAM-1  and  MHC  Class  II 

To  determine  whether  the  effect  of  T  cells  on  the  phenotype 
of  ASM  was  due  to  a  soluble  mediator  or  to  direct  cell  con¬ 
tact,  experiments  were  performed  using  activated  CD4+ 
T  cells  placed  in  the  upper  chamber  of  dual  chamber  Trans¬ 
wells  (Costar,  Cambridge,  MA)  in  which  ASM  were  grown 
in  the  lower  chamber.  ASM  expression  of  ICAM-1  and  HLA- 
DR  was  comparably  increased  when  ASM  was  cultured  in 
the  same  well  or  in  a  separate  chamber  from  the  T  cells  (Fig¬ 
ure  4),  suggesting  that  a  soluble  mediator(s)  secreted  by  the 
T  cells  induced  expression.  It  is  well  known  that  ICAM-1  and 
VCAM-1  expression  can  be  upregulated  by  treatment  with 
TNFa  or  IFN-y  on  many  cell  types.  In  addition,  IFN-7  is 
known  to  induce  expression  of  MHC  class  II  on  some  MHC 
class  D-negative  cells.  We  therefore  performed  similar  ex¬ 
periments  in  the  presence  of  neutralizing  Abs  to  TNFa  and/ 
or  IFN-7.  A  mAb  to  IFN-7  completely  blocked  the  T  cell- 
induced  expression  of  MHC  class  II  on  ASM  (Figure  6A). 
Neutralizing  polyclonal  Ab  to  TNFa  had  no  effect  on  ICAM- 
1  expression,  while  mAb  to  IFN-7  partially  blocked  the  up- 
regulation  of  ICAM-1  (Figure  6B).  The  average  inhibition  of 
anti-IFN-7  was  68.3  ±  13.2%  (range  49.4-88%,  n  =  8). 
Higher  doses  of  antibodies  had  no  further  effect  on  the  ex¬ 
pression  of  ICAM-1  and  HLA-DR  (data  not  shown).  In  addi¬ 
tion,  the  antibodies  were  able  to  block  the  effects  of  ex¬ 
ogenously  added  cytokine,  up  to  1,000  U/ml  (data  not 
shown),  suggesting  that  the  lack  or  partial  effect  on  T  cell- 
induced  changes  in  ASM  phenotype  likely  was  not  due  to 
lack  of  activity  or  dose  of  the  antibody.  We  examined 
whether  lymphotoxin,  another  TH,  cytokine  that  is  secreted 
by  activated  T  cells,  affects  ASM  expression  of  ICAM-1.  Pu¬ 
rified  lymphotoxin  markedly  upregulated  expression  of 
ICAM-1  on  ASM,  which  was  blocked  by  neutralizing  anti¬ 
bodies  specific  for  lymphotoxin  (Figure  6C).  In  addition, 
antilymphotoxin  modestly  inhibited  T  cell-induced  ICAM-1, 
although  the  combination  of  antilymphotoxin  and  anti-IFN-7 
was  not  additive  (Figure  6C).  This  suggests  that  lymphotoxin 
may  be  secreted  by  T  cells  in  limiting  amounts  but  can  play 
a  role  in  inducing  ICAM-1  on  ASM.  Finally,  antibodies  spe¬ 
cific  for  IL-1/?,  IL-4,  IL-5,  and  IL-6  were  also  unable  to 
block  the  upregulation  of  ICAM-1  (data  not  shown).  Taken 
together,  these  data  indicate  for  the  first  time  that  upregula¬ 
tion  of  HLA-DR  on  ASM  by  activated  T  cells  can  be  attrib¬ 
uted  solely  to  the  effects  of  IFN-7.  In  contrast,  the  regulation 
of  ICAM-1  expression  appears  to  be  multifactorial  and  in¬ 
cludes  IFN-7  and  possibly  lymphotoxin,  but  does  not  in¬ 
volve  TNFa. 

RAL-derived  T  Cells  from  Atopic  Donors  Adhere  to  and 
Induce  ICAM-1  and  HLA-DR  Expression  on  ASM 

Increased  expression  of  CAMs  has  been  found  in  bronchial 
biopsies  of  atopic  patients  with  asthma  (29,  30).  We  there¬ 
fore  studied  the  ability  of  T  cells  activated  by  allergen  in  vivo 
to  induce  phenotypic  changes  in  ASM.  We  performed  co- 
culture  experiments  using  BAL  cells  derived  from  allergic 
asthmatic  patients  with  ragweed  sensitivity.  These  patients 
underwent  segmental  antigen  challenge  (SAC)  with  purified 
ragweed  antigen;  BAL  fluid  was  obtained  prior  to  and  24  h 
after  SAC.  Adhesion  to  unstimulated  ASM  ranged  from  28.1 


Figure  6 .  Antibody  to  IFN-7  but  not  TNFa  inhibits  T  cell-induced 
expression  of  ICAM-1  and  HLA-DR  on  ASM.  (A)  ASM  was  in¬ 
cubated  for  three  days  with  media  alone  (M)  or  with  anti-CD3/anti- 
CD28-activated  CD4+  T  cells  in  Transwells  in  the  absence  (T)  or 
presence  (a-IFN)  of  neutralizing  mAb  to  IFN-7.  Cells  were  then 
stained  with  antibodies  specific  for  HLA-DR  as  described  (repre¬ 
sentative  of  5  experiments).  (B)  ASM  was  incubated  with  activated 
T  cells  in  Transwells  as  above  for  one  day  in  the  absence  (T)  or  pres¬ 
ence  of  neutralizing  antibodies  to  TNFa  (a-TNF)  or  IFN-7  (a-IFN) 
and  stained  for  ICAM-1  (representative  of  3  experiments).  (C,  left) 
ASM  was  incubated  for  one  day  with  purified  lymphotoxin  (2 
ng/ml)  in  the  absence  (LT)  or  presence  (a-LT)  of  anti-lymphotoxin 
antibody  and  stained  for  ICAM-1  (representative  of  3  experiments). 
(C,  right)  ASM  was  incubated  for  one  day  with  activated  T  cell  su¬ 
pernatant  in  the  absence  (T)  or  presence  of  neutralizing  antibodies 
to  lymphotoxin  (a-LT)  alone  or  in  combination  with  anti-IFN-7 
(a-IFN/LT).  Cells  were  then  stained  for  ICAM-1  (representative  of 
2  experiments). 


to  32.7%;  adhesion  to  TNF-stimulated  ASM  ranged  from 
33.1  to  44%  (data  not  shown).  Thus,  adhesion  of  T  cells  acti¬ 
vated  in  vivo  following  SAC  was  comparable  to  that  seen 
with  peripheral  blood  T  cells  from  normal  donors  stimulated 
with  mitogen  or  anti-CD3  antibodies. 

BAL-derived  T  cells  obtained  24  h  after  antigen  challenge 
dramatically  upregulated  ICAM-1  expression,  similar  to  pur¬ 
ified  peripheral  blood  T  cells  activated  with  anti-CD3/CD28 
(Figure  7).  In  contrast,  BAL  T  cells  obtained  prior  to  anti¬ 
gen  challenge  induced  moderate  expression  of  ICAM-1  on 
ASM,  comparable  to  that  seen  with  unstimulated  peripheral 
blood  T  cells  (Figure  7).  After  antigen  challenge  BAL- 
derived  T  cells  also  induced  high  levels  of  expression  of 
HLA-DR,  albeit  not  as  great  as  that  induced  by  anti-CD3/ 
CD28-stimulated  peripheral  blood  T  cells.  Prechallenge 


Lazaar,  Reitz,  Panettieri,  Jr.,  et  al. :  Regulation  of  Airway  Myocytes  by  T  Cells 


43 


ICAM-1  HLA-DR 


FU1-H  FL1-H 


Figure  7  BAL-derived  T  cells  induce  ASM  expression  of  ICAM-1 
and  HLA-DR.  Top  panels:  ASM  was  incubated  with  BAL-derived 
T  cells  obtained  either  before  (thin  line)  or  24  h  after  (dotted  line) 
segmental  antigen  challenge  with  purified  ragweed  antigen.  Bottom 
panels :  ASM  was  incubated  with  unstimulated  (thin  line)  or  anti- 
CD3/anti-CD28-stimulated  (dotted  line)  peripheral  blood  CD4+  T 
cells  (PBL).  After  3  days,  ASM  was  stained  with  antibodies  specific 
for  ICAM-l  (left)  or  HLA-DR  (right)  and  analyzed  by  flow  cytome¬ 
try.  The  bold  line  in  all  panels  represents  staining  of  ASM  incubated 
with  control  media  alone.  Data  are  representative  of  3  experiments. 


BAL-derived  T  cells  induced  low  levels  of  HLA-DR  expres¬ 
sion  on  ASM;  this  appeared  significant  since  no  increase  in 
HLA-DR  was  observed  on  ASM  cultured  with  unstimulated 
peripheral  blood  T  cells,  and  suggests  that  even  without  in¬ 
tentional  antigen  challenge  there  are  low  levels  of  cytokine- 
producing  effector  T  cells  in  the  lungs  of  asthmatics.  These 
data  also  suggest  that  the  production  of  inflammatory  media¬ 
tors  by  infiltrating  T  lymphocytes  may  contribute  to  the  up- 
regulated  expression  of  CAMs  in  the  airways  of  asthmatics, 
and  that  our  findings  with  in  vitro  stimulated  T  cells  are  phys¬ 
iologically  relevant  to  in  vivo  phenomena. 

ASM  Does  Not  Stimulate  an  Allogeneic  T-Cell  Response 

In  order  to  address  whether  cytokine-activated  ASM  exerts 
effects  on  T-cell  function,  we  investigated  whether  ASM  cells 
present  antigen  to  resting  peripheral  blood  CD4+  T-cells. 
We  found  no  increase  in  [3H]-thymidine  incorporation  by 
allogeneic  T  cells  cultured  with  IFN-7-treated  ASM  alone 
(Figure  8).  In  addition,  we  were  unable  to  detect  either  con¬ 
stitutive  or  inducible  expression  of  B7  on  ASM  following  in¬ 
cubation  with  TNFa  or  IFN-7  (data  not  shown).  However, 
when  costimulation  was  provided  by  crosslinking  CD28  on 
the  T  cells  co-cultured  with  ASM,  there  was  a  17-fold  in¬ 
crease  in  T-cell  thymidine  incorporation  at  T  cell:  ASM  ratio 
of  13:1  (Figure  8).  In  contrast,  allogeneic  PBMC  induced  a 
30-fold  greater  increase  in  thymidine  incorporation  in  a 
mixed  leukocyte  reaction  (Figure  8). 

Studies  with  VSM  suggested  that  myocytes  can  activate 
both  allogeneic  and  HLA-matched  T  cells  as  evidenced  by 
expression  of  IL-2R  and  secretion  of  IL-2,  but  that  they  are 
arrested  in  Gi  of  the  cell  cycle  and  thus  could  not  be  de¬ 
tected  by  [3H]-thymidine  incorporation  (15,  16).  We  there¬ 
fore  studied  expression  of  IL-2R  on  the  surface  of  T  cells  fol¬ 


CD4:ASM  ratio 

Figure  8.  ASM  does  not  present  alloantigen.  IFN-7-treated  irradi¬ 
ated  ASM  was  incubated  with  resting  CD4+  T  cells  for  5  days, 
with  (dotted  line)  or  without  (solid  line)  crosslinking  of  CD28  on 
the  T  cells.  T-cell  proliferation  was  measured  as  described.  Data 
are  expressed  as  mean  cpm  ±  SD  of  triplicate  wells  and  are 
representative  of  2  experiments.  The  maximum  incorporation  of 
[3H] -thymidine  of  the  control  conditions  was  as  follows:  irradiated 
ASM,  101  ±  45;  irradiated  PBMC,  91  ±  11;  CD4+  T  cells  alone, 
40  ±  2;  CD4+  T  cells  +  anti-CD28,  66  ±  13;  CD4+  T  cells  + 
irradiated  PBMC,  78,302  ±  13,708.  *P  =  0.0005,  **P  =  0.005. 


lowing  culture  with  allogeneic  ASM.  In  contrast  to  the 
results  reported  for  VSM,  incubation  of  T  cells  with  al¬ 
logeneic  ASM  alone  did  not  increase  surface  expression  of 
IL-2R  (data  not  shown).  Taken  together,  these  data  suggest 
that  ASM  lacks  the  necessary  costimulatory  molecules  to 
process  and  present  antigen  to  CD4+  T  cells  and/or  delivers 
a  negative  signal. 

Discussion 

The  activation  of  adhesion  receptors  is  associated  with 
defined  signaling  mechanisms  in  lymphocytes.  Our  studies 
demonstrated  that  engagement  of  CD3  was  sufficient  to  in¬ 
duce  /3i -  and  ^.-mediated  T-cell  adhesion  to  ASM.  We 
found  that  the  addition  of  soluble  anti-CD28  antibody  alone 
had  no  effect  on  adhesion  of  resting  T  cells  to  ASM,  in  spite 
of  inducing  expression  of  an  epitope  of  VLA-4  that  is  as¬ 
sociated  with  activation  of  this  receptor  (20).  This  implies 
that  expression  of  this  epitope  is  not  sufficient  to  define  the 
activated  state  of  VLA-4.  In  addition,  changes  in  jS,  inte- 
grin  activity  might  not  alter  T  cell-ASM  adhesion,  depend¬ 
ing  on  the  hierarchy  of  adhesion  molecule  usage.  Our  findings 
differ  from  those  of  Shimizu  and  colleagues  (31),  who  re¬ 
ported  that  CD28  crosslinking  induced  adhesion  of  CD4+ 
T  cells  to  fibronectin  and  ICAM-1,  comparable  to  that  in¬ 
duced  by  CD3  crosslinking.  There  are  several  possible  ex¬ 
planations  for  this  apparent  difference.  First,  secondary  anti¬ 
body  or  immobilized  anti-CD28  may  be  required  to  induce 
sufficient  crosslinking  to  activate  the  integrins.  Furthermore, 
their  study  was  restricted  to  CD4+  T  cells  monitored  for 
adhesion  to  purified  ligand  coated  on  plastic,  where  we  used 
a  mixed  population  of  T  cells  and  assayed  adhesion  to  a  phys¬ 
iologic  matrix  elaborated  by  ASM  cells. 


44 


AMERICAN  JOURNAL  OF  RESPIRATORY  CELL  AND  MOLECULAR  BIOLOGY  VOL.  16  1997 


We  also  observed  that  CD44-mediated  adhesion  by  anti- 
CD3/CD28-activated  T  cells,  similar  to  mitogen-activated  T 
cells,  was  evident  only  upon  interaction  with  TNFa-treated 
ASM.  Whether  TNFa  has  any  direct  effect  on  the  activation 
state  of  CD44  is  currently  unknown.  However,  Camp  and  as¬ 
sociates  (32)  showed  that  CD44-negative  leukocytes  can  ac¬ 
cumulate  normally  in  draining  lymph  nodes  but  are  not  in¬ 
duced  to  infiltrate  into  the  site  of  a  cutaneous  DTH  (delayed 
type  hypersensitivity)  reaction.  Our  in  vitro  data  are  consis¬ 
tent  with  the  view  that  CD44  is  pivotal  only  in  homing  to 
areas  of  inflammation  rather  than  in  normal  lymphocyte 
trafficking. 

Previously,  we  found  that  several  cytokines,  including 
TNFa  (6)  and  IFN-y  (unpublished  results)  induced  upregu- 
lation  of  ICAM-1  expression  on  ASM.  In  addition,  we  found 
that  the  MHC  class  n  antigen  HLA-DR  is  expressed  by  ASM 
in  response  to  treatment  with  IFN-y  (unpublished  results). 
We  now  demonstrate  that  TCR-activated  T  cells,  when  co¬ 
cultured  with  ASM,  can  induce  ASM  expression  of  ICAM-1 
and  HLA-DR.  We  observed  similar  effects  using  either  pe¬ 
ripheral  blood  lymphocytes  activated  in  vitro  by  antireceptor 
antibodies  or  BAL-derived  lymphocytes  activated  in  vivo  by 
SAC.  We  found  that  BAL-derived  lymphocytes  obtained 
prior  to  SAC  also  induced  significant  upregulation  of  ICAM- 
1  and  HLA-DR  on  ASM.  This  is  not  surprising  because  one 
would  expect  effector/memory  CD45RO+  T  cells,  not  rest¬ 
ing  cells,  to  enter  the  lung. 

We  could  attribute  T  cell-induced  HLA-DR  expression  on 
ASM  to  the  presence  of  IFN-y,  as  anti-IFN-y  completely 
blocked  the  induction  of  HLA-DR.  In  contrast,  anti-IFN-y 
only  partially  inhibited  the  upregulation  of  ICAM-1.  In  addi¬ 
tion,  anti-TNFa  had  no  effect  on  T  cell-induced  expression 
of  either  HLA-DR  or  ICAM-1  by  ASM,  indicating  that  these 
T  cells  did  not  produce  TNFa  under  the  conditions  used. 
Lymphotoxin  appeared  to  be  produced  in  low  concentrations 
by  activated  T  cells  and  contributed,  albeit  modestly,  to  the 
upregulation  of  ICAM-1  expression.  These  data  suggest  that 
THo-  or  THr,  as  well  as  the  previously  implicated  TH2-like 
T  cells  may  be  important  in  airway  inflammation.  It  is  also 
interesting  that  neutralizing  antibodies  specific  for  IL-0, 
IL-4,  IL-5,  and  IL-6  were  unable  to  inhibit  upregulation 
of  ICAM-1  by  anti-CD3/anti-CD28-activated  T  cells  (data 
not  shown).  This  may  mean  that  these  factors  are  present  but 
are  not  active  in  upregulating  ICAM-1  expression  on  ASM, 
or  that  under  our  in  vitro  culture  conditions  TH2  cytokines 
are  not  produced  in  significant  levels.  Further  work  will 
be  necessary  in  order  to  define  any  additional  factors  that 
contribute  to  the  T  cell-mediated  upregulation  of  ICAM-1  on 
ASM.  IL-4  may  still  be  of  particular  interest  in  the  upregula¬ 
tion  of  ICAM-1  expression  induced  by  BAL-derived  T  cells 
from  allergic  asthmatic  patients,  because  studies  have  shown 
that  these  T  cells  are  predominantly  of  the  TH2-like  pheno¬ 
type,  which  can  produce  IL-4  (33). 

Increasing  evidence  supports  the  idea  that  parenchymal 
smooth  muscle  cells  can  contribute  to  the  inflammatory  re¬ 
sponse,  both  by  the  synthesis  of  cytokines  such  as  IL-1  (34, 
35)  and  chemokines  such  as  MCP-1  (36),  ENA-78  (37),  and 
IL-8  (Lazaar  and  Noble,  unpublished  results),  and  by  acting 
as  potential  APCs  by  virtue  of  their  ability  to  express  MHC 
class  II  products  (9,  38,  39).  Antigen  presentation  by  non¬ 


professional  APCs  has  been  demonstrated  in  several  sys¬ 
tems.  For  example,  there  are  data  demonstrating  the  induc¬ 
tion  of  expression  of  ICAM-1  and  HLA-DR  on  keratinocytes 
that  can  present  superantigen  to  both  autologous  and  al¬ 
logeneic  T  cells  (4).  Similarly,  endothelial  cells  can  induce 
upregulation  of  IL-2R  and  induce  DNA  synthesis  by  al¬ 
logeneic  CD4"  T  cells  (8).  However,  the  findings  using 
smooth  muscle  as  an  APC  have  not  been  conclusive.  Work 
by  Fabry  and  colleagues  (40)  suggested  that  VSM  derived 
from  murine  brain  microvessels  presented  antigen  to  TH, 
but  not  TH2  clones.  In  contrast,  VSM  derived  from  murine 
mesenteric  arteries  inhibited  the  progression  of  activated 
HLA-matched  T-cell  clones  through  the  cell  cycle,  despite  an 
increase  in  expression  of  IL-2R  and  secretion  of  IL-2  (16). 
This  inhibitory  effect  appeared  to  be  due  to  a  labile,  soluble 
mediator  released  from  the  VSM.  Similar  results  have  been 
obtained  using  human  VSM  and  allogeneic  CD4+  T  cells 
(15).  Interestingly,  this  did  not  result  in  the  induction  of 
T-cell  anergy  by  the  smooth  muscle  cells,  as  the  cells  recov¬ 
ered  their  proliferative  capability  when  re-cultured  in  the  ab¬ 
sence  of  VSM. 

Finally,  we  investigated  whether  ASM  had  the  ability  to 
present  alloantigen  and  promote  T-cell  proliferation.  We 
found  that  IFN-y-treated  ASM  which  expresses  HLA-DR 
did  not  induce  an  allogeneic  response  of  CD4+  T  cells. 
This  may  be  due  to  an  inhibitory  activity  or  a  lack  of  appro¬ 
priate  costimulatory  molecules  on  ASM,  despite  the  pres¬ 
ence  of  ICAM-1,  which  can  act  as  a  costimulatory  molecule 
for  T-cell  activation  (11).  The  latter  hypothesis  is  supported 
by  our  finding  that  crosslinking  CD28  on  the  T  cell  was  able 
to  reconstitute  a  suboptimal  allogeneic  response.  However, 
Nickoloff  and  coworkers  (4)  demonstrated  that  the  presenta¬ 
tion  of  bacterial  superantigen  by  keratinocytes  and  the  resul¬ 
tant  T-cell  proliferation  was  blocked  by  anti-ICAM-1  or  anti- 
CD18,  but  not  by  anti-HLA-DR  or  anti-B7  (4),  suggesting 
that  B7  is  not  necessary  for  successful  antigen  presentation. 
Our  data  are  consistent  with  those  of  Murray  and  colleagues 
(15),  where  VSM  was  unable  to  stimulate  CD4+  T  cells  in 
response  to  alloantigen.  Further  studies  are  necessary  to  de¬ 
termine  whether  the  observed  lack  of  T-cell  activation  by 
ASM  is  due  to  active  inhibition,  perhaps  through  the  release 
of  cytokines. 

In  summary,  we  have  shown  that  activated  T  cells  can  ad¬ 
here  to  ASM  and  induce  the  expression  of  ICAM-1  and 
HLA-DR  on  the  myocytes.  Importantly,  in  vitro- activated 
cells  behaved  similarly  to  BAL-derived  cells  activated  in  vivo 
by  antigen  challenge.  ASM  was  unable  to  support  the 
proliferation  of  resting  CD4+  T  cells  in  response  to  alloan¬ 
tigen,  which  may  be  due  to  active  inhibition  by  a  soluble 
mediator  released  by  the  ASM.  Taken  together,  these  data 
provide  additional  evidence  for  the  role  of  parenchymal  cells 
in  sustaining  a  local  inflammatory  response  in  the  lung. 
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Abstract  Oncostatin  M  (OSM)  is  a  potent  modulator  of  human 
lung-derived  epithelial  cell  function.  This  cytokine  binds  two 
distinct  receptor  complexes:  type  I  OSM  receptor  which  is  also  a 
functional  receptor  for  leukemia  inhibitory  factor  (LIF),  and 
type  II  OSM-specific  receptor.  The  role  of  these  two  distinct 
receptors  in  mediating  the  response  of  individual  cell  types  to 
OSM  has  not  been  delineated.  In  contrast  to  LIF,  OSM  induces 
synthesis  of  oti-antichymotrypsin  and  ai -antiproteinase  inhibitor 
in  lung-derived  epithelial  cells.  The  differential  responsiveness  to 
LIF  and  OSM  suggested  that  the  response  of  lung  epithelial  cells 
to  OSM  may  be  mediated  by  the  OSM-specific  receptor. 
Therefore,  we  characterized  lung-derived  epithelial  cells  for  the 
expression  of  type  II  OSM  receptor  mRNAs,  and  the  regulation 
of  the  mRNAs  encoding  the  components  of  the  OSM-specific 
receptor  by  cytokines  and  dexamethasone. 

©  1998  Federation  of  European  Biochemical  Societies. 

Key  words:  Interleukin-6;  Leukemia  inhibitory  factor; 
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1.  Introduction 

Oncostatin  M  (OSM)  is  a  multifunctional  cytokine  synthe¬ 
sized  by  hematopoietic  cells  as  well  as  activated  T  lympho¬ 
cytes  and  monocytes  [1-3].  OSM  is  functionally  related  to  the 
interleukin-6  family  of  cytokines,  including  IL-6,  leukemia 
inhibitory  factor  (LIF),  IL-11,  ciliary  neurotrophic  factor 
and  cardiotrophin-1  [4.5].  Members  of  this  family  mediate 
their  biological  effects  by  inducing  homodimerization  of 
gpl30  (IL-6.  IL-11)  or  heterodimerization  of  gpl30  and  other 
signaling  (P)  receptor  subunits  (other  members).  Some  of 
these  cytokines,  including  IL-6,  also  require  a  ligand-binding 
subunit  that  determines  receptor  specificity  but  is  not  directly 
involved  in  signaling.  Receptor  dimerization  results  in  the 
activation  of  cytoplasmic  tyrosine  kinases  followed  by  the 
phosphorylation  and  nuclear  translocation  of  the  ST  AT  fam¬ 
ily  of  transcription  factors  [4-6]. 

Biologically  active  OSM  receptor  consists  of  a  heterodimer 
of  gpI30  and  LIFRp.  This  gpl30*LIFRp  complex,  described 
as  type  I  OSM  receptor,  is  also  a  functional  receptor  for  LIF. 
Recently,  a  second  OSM-specific  receptor  complex  has  been 
identified  in  the  human  system,  consisting  of  gpl30  heterodi- 
merized  with  an  OSM-specific  subunit  OSMRP,  which  forms 
the  type  II  OSM  receptor  [7].  Although  type  I  and  II  OSM 


♦Corresponding  author.  Fax:  (1)  (215)  898-3937. 

E-mail :  JCichy@wista.wistar.upenn.edu 

Abbreviations:  OSM,  oncostatin  M;  LIF,  leukemia  inhibitory  factor; 
IL-6,  interleukin-6;  IL-1,  interleukin- 1 ;  FBS,  fetal  bovine  serum; 
MEM,  minimal  essential  medium 


receptors  are  relatively  broadly  distributed  on  a  variety  of  cell 
types  [7],  the  role  of  these  two  distinct  receptors  in  mediating 
the  response  of  individual  cell  types  to  OSM  has  not  been 
delineated. 

In  addition  to  bioactivities  shared  with  other  members  of 
the  IL-6  family  of  cytokines,  OSM  exhibits  some  unique  ac¬ 
tivities  [8].  For  example,  OSM  but  not  LIF  or  IL-6  upregu- 
lates  oti -antichymotrypsin  (ACH)  and  cq  -antiproteinase  inhib¬ 
itor  (oci-PI)  levels  in  lung-derived  epithelial  cells  whereas  both 
LIF  and  OSM  mediate  regulation  of  both  these  genes  in  hep- 
atocyte-derived  HepG2  cells  [9-12].  OSM  was  found  to  be  one 
of  the  most  potent  ‘proinflammatory*  inducers  of  arPI  and 
ACH  synthesis  in  lung-derived  epithelial  cells  [9-12]  and  cells 
of  epithelial  origin,  including  lung  epithelium,  have  been 
shown  to  bind  significant  amounts  of  OSM  [13].  Thus  the 
role  of  OSM  in  the  lung  is  of  considerable  interest.  Although 
the  overlapping  spectrum  of  biological  activities  of  IL-6.  OSM 
and  LIF  is  well  explained  [5],  much  less  is  known  about  the 
basis  for  differences  in  the  response  to  these  cytokines.  The 
specific  response  to  OSM  of  lung-derived  epithelial  cells,  in¬ 
cluding  normal  bronchial  epithelial  cells  (NBEC)  and  two  cell 
lines,  HTB55  and  HTB58  (adenocarcinoma  and  squamous 
carcinoma  respectively),  may  indicate  the  utilization  of  the 
type  II  OSM  receptor.  Lung-derived  epithelial  cells  may 
thus  provide  a  good  model  to  study  potential  differences  in 
the  levels  of  expression  of  the  signaling  receptor  subunits  or 
distinct  signal  transduction  pathways,  both  of  which  are  likely 
to  account  for  differences  in  biological  activities  between  IL-6, 
OSM  and  LIF. 

In  this  study  we  demonstrate  that  epithelial  cells  derived 
from  lung  express  type  II  OSM  receptor  mRNAs,  with  OSMRP 
levels  most  likely  being  more  abundant  relative  to  gpl30. 
Furthermore,  we  show  that  the  expression  of  OSMRP  and 
to  a  lesser  extent  gpl30  is  regulated  in  these  cells  by  specific 
inflammatory  mediators,  including  OSM. 

2.  Materials  and  methods 

2.1.  Stimulating  factors 

Human  recombinant  OSM  and  human  recombinant  transforming 
growth  factor  pi  (TGF-p)  were  purchased  from  R&D  Systems  (Min¬ 
neapolis,  MN).  Human  recombinant  IL-1  (3  was  obtained  from  Gen- 
zyme  (Cambridge.  MA).  Human  LIF  from  conditioned  medium  of 
Chinese  hamster  ovary  cells,  containing  recombinant  LIF  at  10'  U/ml. 
was  a  generous  gift  of  Dr.  H.  Baumann  (Buffalo,  NY).  Dexametha¬ 
sone  (DEX)  was  purchased  from  Sigma  (St.  Louis.  MO). 

2.2.  Cell  culture 

HTB58  human  lung  squamous  carcinoma,  HTB55  human  lung  ad¬ 
enocarcinoma  and  HepG2  human  hepatoma  cell  lines  were  obtained 
from  the  American  Type  Culture  Collection  (Rockville,  MD).  Normal 
human  bronchial  epithelial  cells  were  purchased  from  Clonetics  (San 
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Diego,  CA).  Cells  were  cultured  in  Eagle's  MEM  (Biowhittaker,  Wal- 
kersville,  MD)  supplemented  with  0. 1  mM  non-essential  amino  acids. 
I  mM  sodium  pyruvate,  100  U/ml  penicillin  G,  100  pg/ml  streptomy¬ 
cin  (all  from  Gibco,  Grand  Island,  NY)  and  10%  heat-inactivated 
fetal  bovine  serum  (FBS)  (Atlanta  Biologicals.  Norcross,  GA).  Bron¬ 
chial  cells  were  cultured  in  serum-free  bronchial  epithelial  cell  basal 
medium  (Clonetics)  containing  0.5  ng/ml  human  epidermal  growth 
factor,  5  jig/ml  insulin,  0.5  pg/ml  hydrocortisone  and  epinephrine, 
10  pg/ml  transferrin.  0.5  ng/ml  triiodothyronine  and  0.4%  v/v  bovine 
pituitary  extract  (all  from  Clonetics).  Cells  were  plated,  allowed  to 
grow  to  confluency  and  then  treated  with  various  stimulating  factors. 

2.3.  Northern  blot  analysis 

Total  RNA  was  isolated  as  previously  described  [14,15].  Northern 
blot  analysis  was  carried  out  by  electrophoresis  of  RNA  samples  in 
1%  agarose  gels  containing  2.2  M  formaldehyde,  followed  by  capillary 
transfer  [16]  to  Hybond-N  membranes  (Amersham,  Arlington 
Heights,  IL).  Filters  were  hybridized  with  the  plasmid  containing  hu¬ 
man  OSMRp  cDNA  (a  generous  gift  of  Dr.  B.  Mosley,  Immunex 
Corporation.  Seattle.  WA).  human  gpl30  cDNA  (a  generous  gift  of 
Dr.  T.  Kishimoto,  Osaka  University,  Osaka,  Japan)  and  Smal-BamWl 
restriction  fragment  containing  the  complete  coding  sequence  of  hu¬ 
man  LIFRp  (a  generous  gift  of  Dr.  D.  Gearing,  Immunex  Corpora¬ 
tion.  Seattle,  WA).  The  probes  were  labeled  using  the  Megaprime 
Labeling  Kit  (Amersham).  The  hybridization  was  carried  out  at 
65°C  in  0.5  M  phosphate  buffer  pH  7.0  containing  7%  SDS.  I  mM 
EDTA.  10  mg/ml  BSA  and  100  pg/ml  of  herring  DNA.  Non-specif- 
ically  bound  radioactivity  was  removed  by  three  washes  at  65°C  in  40 
mM  phosphate  buffer  pH  7.0  containing  1%  SDS,  1  mM  EDTA  and 
0.5%  BSA,  followed  by  three  washes  at  65°C  in  the  same  buffer  with¬ 
out  BSA.  After  probing  blots  were  analyzed  using  a  Phosphorlmager 
(Molecular  Dynamics). 


3.  Results 


3. 1.  Normal  bronchial  epithelial  cells  and  lung-derived  epithelial 
cell  lines  express  OSMRp  and  gpl30  mRNA 
Northern  blot  analysis  of  RNA  extracted  from  lung-derived 
epithelial  cells  revealed  significant  levels  of  OSMRp  and 
gpl30  mRNAs  (Fig.  1).  The  amounts  of  both  transcripts 
were  compared  to  that  expressed  by  HepG2  cells.  In  HepG2 
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Fig.  1.  Comparison  of  OSMRp  and  gpl30  mRNA  levels  in  NBEC, 
HTB55,  HTB58  and  HepG2  cells.  Aliquots  of  total  RNA  (5  pg)  iso¬ 
lated  from  the  indicated  cell  types  were  resolved  by  gel  electrophore¬ 
sis,  transferred  to  a  nylon  membrane,  and  the  ethidium  bromide-im¬ 
pregnated  blot  was  photographed  to  demonstrate  comparable 
loading  (bands  of  28S  rRNA  and  18S  rRNA  are  indicated).  The 
blot  was  then  hybridized  with  32P-labeled  gp 1 30  and  OSMRP 
probes.  The  blot  is  representative  of  three  independent  experiments. 


Fig.  2.  Regulation  of  expression  of  the  type  II  OSM  receptor  com¬ 
ponents  in  NBEC.  Cells  were  incubated  for  24  h  with  50  ng/ml 
OSM,  5  U/ml  IL- 1  or  10  ng/m!  TGFp.  Total  RNA  was  then  iso¬ 
lated  and  subjected  to  Northern  blot  analysis.  Similar  amounts  of 
ethidium  bromide-stained  28S  and  18S  rRNA  are  visualized  in  the 
bottom  panel.  In  the  upper  panel  the  positions  of  the  gp  1 30-  and 
OSMRp-specific  bands  are  indicated.  The  blot  is  representative  of 
three  independent  experiments. 


cells  which  are  responsive  to  IL-6  and  to  OSM,  synthesis  of 
both  gpl30  and  OSMRp  has  been  reported  previously  [7],  In 
agreement  with  this  study  HepG2  were  found  to  express  high 
levels  of  OSMRp  and  gpl30  mRNA  and  the  signal  was  great¬ 
er  for  OSMRp  than  for  gpl30  (Fig.  1,  Table  1).  In  compar¬ 
ison  to  HepG2  cells,  NBEC  appeared  to  express  higher 
amounts  of  OSMRp  message  but  less  gpl30  message  (Fig. 
1,  Table  1).  In  HTB55  cells  levels  of  both  OSMRp  and 
gpl30  mRNAs  were  lower  than  in  HepG2  cells  and  the  ratio 
of  OSMRP  to  gpI30  was  even  greater  than  in  HepG2  cells 
(Table  l).  A  similar  ratio  of  OSMRP  to  gpl30  to  that  ob¬ 
served  in  HepG2  cells  was  noted  in  HTB58  cells,  although  in 
this  case  both  transcripts  were  much  more  abundant  (Fig.  1, 
Table  1). 

3.2 .  Expression  of  OSMRp  and  gpl30  in  lung-derived  epithelial 
cells  is  regidated  by  cytokines  and  dexamethasone 
Factors  which  modulate  function  of  lung  epithelial  cells 
were  then  studied  as  potential  regulators  of  type  II  OSM 
receptor  components  in  NBEC  including,  OSM,  IL-1  [9-12] 
and  TGF-p  [17].  OSM  and  TGFp  caused  significant  increases 
in  OSMRp  mRNA  levels;  IL-1,  however,  had  no  effect  (Fig. 
2).  OSM  was  also  effective  in  upregulating  gp!30  mRNA 


Table  l 

Relative  quantitation  of  OSMRP  and  gpl30  mRNA  levels  in  lung- 
derived  epithelial  cells 


OSMRp 

gpl30 

OSMRp/gpl30 

NBEC 

28.5 

10.1 

2.8 

HTB58 

53.9 

36.6 

1.5 

HTB55 

19.8 

4.3 

4.6 

HepG2 

26.5 

16.5 

1.6 

The  Northern  blot  presented  in  Fig.  1  was  exposed  to  a  Phosphor- 
Imager  screen,  and  the  resulting  image  was  scanned.  Arbitrary  num¬ 
bers  indicate  the  relative  amounts  of  OSMRp-  and  gp  1 30-specific 
mRNAs  in  NBEC,  HTB58,  HTB55  and  HepG2  cells. 
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Fig.  3.  Regulation  of  gp!30  and  OSMRp  mRNA  levels  in  HTB58  and  HTB55  cells.  Cells  were  incubated  for  24  h  with  50  ng/ml  OSM.  5  U/ml 
IL-1.  10  ng/ml  TGFp  and/or  10  0  M  DEX.  The  levels  of  gp!30  and  OSMRp  were  then  determined  bv  Northern  blot  analysis  The  blot  was 
photographed  to  demonstrate  equal  loading  (bands  of  28S  RNA  and  18S  rRNA  are  shown)  and  then  hybridized  to  :,2P-labeIed  gp 1 30  and 
OSMRp  probes.  The  blots  are  representative  of  three  independent  experiments. 


levels,  whereas  both  TGFP  and  IL-1  reduced  the  amount  of 
gpl30  transcripts. 

In  order  to  compare  the  regulation  of  OSMR  in  NBEC  to 
other  lung-derived  epithelial  cells  which  expressed  different 
ratios  of  OSMRP  to  gpl30  mRNA.  we  extended  our  study 
to  HTB58  and  HTB55  cells.  Treatment  of  both  cell  types  with 
OSM  led  to  stimulation  of  OSMRP  and  gpl30  expression, 
although  in  the  case  of  FITB55  cells  the  effect  of  OSM  was 
more  evident  in  the  presence  of  the  glucocorticoid  analog 
dexamethasone  (DEX),  a  factor  capable  of  intensifying  the 
effect  of  cytokines  on  these  cells  [9-12].  DEX  given  alone 
significantly  upregulated  gpl30  levels  in  HTB58  cells.  When 
given  in  combination  with  cytokines.  DEX  generally  increased 
the  levels  of  gpl30  mRNA  and.  to  a  lesser  extent.  OSMRp 
mRNA  in  both  cell  types.  IL-1  alone  appeared  not  to  affect 
the  expression  of  OSMR  but  given  in  combination  with  OSM. 
or  more  markedly  OSM  and  DEX.  IL-1  further  enhanced  the 
upregulation  of  the  mRNA  levels  for  both  components  of  the 
receptor  in  HTB58  and  HTB55  cells.  In  contrast,  the  effect  of 
TGFp  was  found  to  be  cell-specific.  TGFp  generally  acted  as 
a  negative  regulator  of  OSMR  expression  in  HTB58  cells  and 
as  a  stimulator  in  HTB55  cells.  Interestingly,  in  the  HTB58 
cells,  the  most  substantial  increase  in  OSMRP  and  gp!30 


mRNA  levels  was  noted  when  the  cells  were  treated  with  a 
combination  of  TGFp.  OSM  and  DEX. 

3.3.  OSM  and  LI F  exert  different  effects  on  expression  of  type 
I  and  //  receptors 

Since  OSM  significantly  increased  type  II  OSM  receptor 
levels  it  was  interesting  to  determine  if  it  had  any  effect  on 
LIFRp  and  ultimately  type  I  receptor.  We  found  that  treat¬ 
ment  with  OSM  caused  a  reduction  in  the  levels  of  LIFRP 
transcripts  in  HTB58  cells  (Fig.  3).  We  previously  demon¬ 
strated  that  HTB58  cells  have  the  potential  to  utilize  type  I 
receptor  since  LIF  treatment  induced  tyrosine  phosphoryla¬ 
tion  of  gpl30  and  LIFRp  [12]. 

We  therefore  examined  the  effect  of  LIF  on  type  I  and  II 
receptors  in  these  cells.  In  the  presence  of  DEX,  LIF  similarly 
to  OSM.  stimulated  OSMRp  and  to  a  lesser  extent  gpl30 
mRNA  levels,  but.  in  contrast  to  OSM,  did  not  reduce  LIFRp 
mRNA  levels  (Fig.  4).  The  increase  in  OSMRp  and  gpl30 
levels  by  LIF  was  also  observed  in  NBEC  (data  not  shown). 

4.  Discussion 

Many  of  the  overlapping  biological  effects  of  IL-6  related 
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Fig.  4.  Effect  of  OSM  and  LIF  on  expression  of  type  I  and  II  OSM 
receptors  in  HTB58  cells.  Cells  were  incubated  for  24  h  with  50  ng/ 
ml  OSM.  10  U/ml  LIF  and/or  10'fi  M  DEX.  The  levels  of  LIFRp. 
gpl30  and  OSMRp  were  then  determined  by  Northern  blot  analysis. 
The  blot  was  photographed  to  demonstrate  equal  loading  (bands  of 
28S  RNA  and  18S  rRNA  are  shown)  and  then  hybridized  to  32P-la- 
beled  LIFRp  probe.  The  same  samples  of  RNA  were  used  for  par¬ 
allel  hybridization  with  gpl30  and  OSMRp  probes. 


cytokines  can  be  attributed  to  the  presence  of  a  common 
receptor  subunit,  gpl30,  or  in  the  case  of  OSM  and  LIF,  to 
binding  of  the  same  receptor  consisting  of  two  components, 
gpl30  and  LIFRp  [5].  However,  significant  functional  differ¬ 
ences  between  LIF  and  OSM  have  also  been  described  and, 
some  cell  types  are  incapable  of  binding  LIF  in  spite  of  ex¬ 
pressing  high  affinity  functional  OSM  receptors  [8].  Taken 
together,  these  findings  suggested  the  existence  of  an  OSM- 
specific  receptor.  Recently,  an  alternative  subunit,  OSMRp,  of 
an  OSM  receptor  complex  was  cloned  [7].  This  subunit  asso¬ 
ciates  with  the  low  affinity  OSM*gpl30  complex  to  form  a 
high  affinity  heterodimeric  receptor  that  is  capable  of  trans¬ 
ducing  OSM-specific  signaling  events.  Although  the  signal 
transduction  pathways  that  mediate  OSM-specific  responses 
have  not  yet  been  fully  delineated,  OSM  can  activate  path¬ 
ways  linked  to  MAP  kinase  [8],  src-related  kinases  [18]  and 
more  notably  a  JAK-STAT  pathway  that  includes  STAT3, 
STAT1  and  STAT5  [5,19,20].  Interestingly,  activation  of 
STATS  has  been  reported  to  be  mediated  by  the  type  II 
OSM  receptor  [19].  The  biological  activities  of  OSM,  some 
of  which  are  OSM-specific  and  some  of  which  are  shared  by 
LIF,  can  be  explained  by  utilization  of  a  dual  receptor  system. 
However,  although  a  dual  receptor  system  is  evident  in  the 
human  system,  in  mice  OSM  apparently  utilizes  only  its  spe¬ 
cific  receptor  complex  [21]. 

We  previously  demonstrated  in  the  human  system  that  sev¬ 
eral  genes  are  specifically  regulated  by  OSM  but  not  other 
members  of  the  IL-6  family  of  cytokines  [9-12].  Our  under¬ 
standing  of  the  specificity  of  the  response  to  OSM  and  LIF 


will  depend  on  identifying  the  role  of  the  two  potential  recep¬ 
tors  in  mediating  these  responses.  There  are  several  major 
findings  in  this  study:  (i)  lung-derived  epithelial  cells  express 
both  subunits  of  type  II  OSM  receptor,  i.e.  gpl30  and  OSMRp. 
(ii)  OSMRp  mRNA  levels  appeared  to  be  higher  than  gpl30 
in  these  cells,  suggesting  that  the  levels  of  gpl30  may  be  the 
limiting  factor  in  the  formation  of  the  type  I  and  type  II 
receptors,  (iii)  there  is  no  consistent  difference  in  the  ratio 
of  OSMRp  to  gpl30  between  HepG2  (responsive  to  OSM. 
LIF  and  IL-6)  and  lung-derived  epithelial  cells  (responsive 
only  to  OSM),  (iv)  OSMRp  and  gpl30  mRNA  levels  are 
regulated  by  specific  mediators,  (v)  type  II  receptor  is  upregu- 
Iated  by  either  OSM  or  LIF  whereas  type  I  receptor  is  down- 
regulated  by  OSM  in  HTB58  cells.  The  expression  of  OSMRp 
and  gpI30  in  all  lung-derived  epithelial  cell  types  examined 
indicates  that  the  type  II  OSM-specific  receptor  may  mediate 
the  effects  of  OSM  on  lung-derived  epithelial  cells.  Further¬ 
more,  based  on  the  high  ratio  of  OSMRp  mRNA  relative  to 
gpl30  mRNA  levels,  it  is  likely  that  there  is  an  excess  of  OSMRP 
produced  that  can  successfully  compete  to  form  dimers  with 
the  gpl30  subunit  even  if  the  gpl30  is  expressed  in  limited 
amounts  and  in  the  presence  of  LIFRp. 

The  expression  of  OSM  type  II  receptor  in  lung-derived 
epithelial  cells  was  found  to  be  regulated  by  cytokines,  of 
which  OSM  was  the  most  potent  stimulator.  The  cytokines 
that  regulated  the  steady  state  mRNA  levels  of  the  compo¬ 
nents  of  the  OSM  type  II  receptor  are  produced  by  activated 
monocytes  and  T  cells  and  can  be  produced  by  infiltrating 
cells  at  sites  of  inflammation.  Importantly,  lung-derived  epi¬ 
thelial  cells  are  stimulated  by  OSM  and  IL-1  for  the  produc¬ 
tion  of  serine  proteinase  inhibitors,  proteins  which  have  been 
postulated  to  prevent  tissue  damage  associated  with  inflam¬ 
mation  [9-12].  The  additive  effects  of  OSM  and  IL-l  on  syn¬ 
thesis  of  these  inhibitors  can  be  explained  by  the  present  study 
showing  the  role  of  both  cytokines  in  upregulation  of  OSMR 
expression.  Moreover,  since  TGFp  was  also  found  to  regulate 
OSMR  levels  it  may  also  act  as  a  modulator  of  OSM  effects  in 
lung-derived  epithelial  cells.  However,  such  a  role  of  TGFp 
remains  to  be  determined. 

The  finding  that  LIF  was  capable  of  modulating  type  II 
receptor  levels  in  HTB58  and  NBEC  further  supports  the 
concept  that  the  inability  of  LIF  to  induce  ai-PI  and  ACH 
synthesis  in  these  cells  is  not  due  to  the  lack  of  functional  type 
I  receptors.  Different  effects  of  OSM  and  LIF  resulting  in 
downregulation  of  LIFRP  by  OSM  and  upregulation  of  OSMRP 
by  both  cytokines  may  suggest  that  in  the  presence  of  both 
OSM  and  LIF  preference  will  be  given  to  OSM  due  to  the 
preferential  increase  in  type  II  OSM  receptors. 
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ABSTRACT 


CD40  is  a  member  of  the  TNF  receptor  family  that  was  initially  described  on  the 
surface  of  B  cells.  Recently,  CD40  has  also  been  described  on  mesenchymal  cells,  such  as 
endothelial  cells  and  fibroblasts,  where  engagement  by  its  ligand  CD40L  can  lead  to 
upregulation  of  costimulatory  and  cell  adhesion  molecules,  as  well  as  secretion  of  pro- 
inflammatory  cytokines.  Since  airway  inflammation  potentially  involves  cell-cell  interactions 
of  T  cells  and  eosinophils  (which  express  CD40L)  with  airway  smooth  muscle  (ASM)  cells, 
we  postulated  that  ASM  may  express  CD40  and  that  engagement  of  ASM  CD40  may 
modulate  smooth  muscle  cell  function.  We  demonstrate  that  CD40  is  expressed  on  cultured 
human  ASM  and  that  expression  can  be  increased  by  treatment  with  TNF-a  or  interferon-y. 
Cross-linking  CD40  on  ASM  resulted  in  enhanced  IL-6  secretion  and  an  increase  in 
intracellular  calcium  concentrations,  which  was  dependent  on  calcium  influx.  We  show  that 
CD40-mediated  signaling  events  include  protein  tyrosine  phosphorylation  and  activation  of 
NT-kB.  Pretreatment  of  ASM  with  the  tyrosine  kinase  inhibitors  genistein  or  herbimycin 
inhibited  the  rapid  mobilization  of  calcium  induced  via  CD40,  suggesting  that  calcium 
mobilization  was  coupled  to  activation  of  protein  tyrosine  kinases.  In  addition,  inhibition  of 
calcium  influx  inhibited  both  CD40-mediated  NF-kB  activation  and  enhancement  of  EL-6 
secretion.  These  results  delineate  a  potentially  important  CD40-mediated  signal  transduction 
pathway  in  ASM  involving  protein  tyrosine  kinase-dependent  calcium  mobilization,  NF-kB 
activation  and  IL-6  production.  Together,  these  results  suggest  a  mechanism  whereby  T  cell- 
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smooth  muscle  cell  interactions  may  potentiate  airway  inflammation. 
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CD40  is  a  50  kDa  glycoprotein  that  is  a  member  of  the  TNF  receptor  family,  that  also 
includes  the  TNF-receptor,  nerve  growth  factor-receptor  and  Fas.  CD40  was  initially 
identified  on  the  surface  of  B  cells  (reviewed  in  (1)),  where  it  binds  to  a  surface-expressed 
ligand  (CD40L)  on  activated  CD4+  T  lymphocytes  (2-5)  and  plays  a  critical  role  in  B  cell 
activation  and  isotype  switching  (1).  Induction  of  several  signaling  events  has  been  described 
in  B  cells  following  crosslinking  of  CD40,  including  the  demonstration  that  treatment  of  B 
cells  with  anti-CD40  antibodies  resulted  in  the  phosphorylation  of  intracellular  proteins  on 
tyrosine.  Since  CD40  itself  does  not  have  intrinsic  kinase  activity  (6),  these  results  indicated 
that  the  receptor  may  be  linked  via  adaptor  proteins  to  cytoplasmic  protein  tyrosine  kinases 
(PTK)3.  Subsequent  studies  demonstrated  that  CD40  cross-linking  induced  increased  kinase 
activity  of  the  src  family  PTK,  lyn  (7;8).  In  addition,  ligation  of  CD40  induced  activation  of 
the  serine/threonine  kinases  cJun  kinase  (9-13)  and  ERK  (9;  14),  as  well  as  PI3-kinase 
(7;  15;  16)  and  ras  (15).  Ligation  ofCD40  on  murine  B  cells  also  resulted  in  an  increase  in 
intracellular  calcium  concentration,  which  was  sensitive  to  FK506,  an  immunosuppressive 
agent  which  inhibits  calcineurin  (17). 

CD40  is  also  constitutively  expressed  on  a  variety  of  other  leukocytes  such  as 
macrophages  (18),  dendritic  cells  (19)  and  eosinophils  (20),  and  on  the  surface  of  cells  of 
mesenchymal  and  epithelial  origin  such  as  endothelial  cells  (21-23),  fibroblasts  (24,25), 
keratinocytes  (26;27)  and  vascular  smooth  muscle  cells  (28).  On  mesenchymal  cells,  where 
CD40  is  inducible  by  cytokines  such  as  EFNy,  engagement  of  CD40  has  been  reported  to  lead 
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to  upregulation  of  costimulatory  and  cell  adhesion  molecules  (22-24),  secretion  of  pro- 
inflammatory  cytokines  (24;25;27-29)  and  effects  on  cellular  proliferation  (24;26),  although 
the  mechanisms  of  such  signaling  are  currently  unknown.  These  data  support  a  widespread 
role  for  CD40  in  the  inflammatory  response. 

We  are  interested  in  the  potential  role  of  leukocyte-smooth  muscle  cell  interactions 
in  the  context  of  airway  inflammation.  We  previously  demonstrated  that  activated  T  cell- 
derived  cytokines  upregulated  expression  ofHLA-DR  and  ICAM-1  on  ASM  (30)  and  that 
the  exposure  to  the  inflammatory  cytokine  TNFa  augmented  the  sensitivity  of  ASM  to  a 
variety  of  contractile  agonists  (31;32).  In  addition  to  soluble  mediators,  however,  we 
previously  showed  that  activated  T  cells  adhered  to  ASM  via  integrins  and  CD44  and  induced 
ASM  DNA  synthesis  in  a  contact  dependent  manner  (33).  These  data  suggest  that  T  cell- 
ASM  interactions  likely  play  a  potentially  important  role  in  cellular  recruitment  and  airway 
inflammation  in  diseases  such  as  asthma. 

One  interesting  feature  of  CD40-mediated  signaling  is  that  it  is  contact  dependent,  • 
requiring  adhesion  of  the  CD40L-positive  activated  T  cell  to  the  surface  of  the  CD40-positive 
target  cells.  Because  engagement  of  CD40  on  endothelial  cells  and  fibroblasts  resulted  in  a 
number  of  changes  that  are  relevant  to  inflammation,  we  hypothesized  that  ASM  might  also 
express  CD40  and  that  this  molecule  might  serve  as  an  important  signal  transduction  molecule 
with  regard  to  activated  lymphocyte-ASM  interactions.  Accordingly,  we  analyzed  the 
expression  of  CD40  on  human  airway  smooth  muscle  cells  and  its  regulation  by  cytokines. 
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examined  the  functional  consequences  of  receptor  engagement  by  CD40L  or  anti-CD40  mAb 
by  measuring  ASM  cytosolic  calcium  and  cytokine  secretion,  and  identified  several  early 
signaling  events  induced  by  ligation  of  CD40  on  ASM. 
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MATERIALS  AND  METHODS 


Reagents:  5C3  (anti-human  CD40)  was  purchased  from  PharMingen  (San  Diego,  CA); 
trimerized  human  CD40L  (CD40LT)  was  produced  as  previously  described  (34);  4G10  (anti- 
phosphotyrosine)  was  purchased  from  Upstate  Biotechnology  Inc.  (Lake  Placid,  NY).  TNFa 
was  purchased  from  Boehringer  Mannheim  (Indianapolis,  IN);  IFNy  was  purchased  from 
PharMingen. 

Cell  culture:  Human  airway  smooth  muscle  was  obtained  from  the  trachealis  muscle  of  lung 
transplant  donors  in  accordance  with  the  policies  of  the  Committee  on  Studies  Involving 
Human  Beings  at  the  University  of  Pennsylvania.  ASM  cells  were  purified  as  previously 
described  (35)  and  cultured  in  Ham’s  FI2  supplemented  with  penicillin,  streptomycin, 
glutamine,  HEPES  and  10%  heat-inactivated  FBS.  The  results  reported  are  representative 
of  those  obtained  with  a  minimum  of  three  different  smooth  muscle  cell  lines. 
Characterization  of  the  cultured  smooth  muscle,  including  staining  for  smooth  muscle-specific 
actin  and  responsiveness  to  contractile  agonists,  has  been  previously  described  (35). 

Flow  cytometry:  Confluent  ASM  in  12-well  plates  were  incubated  with  media  alone  or  with 
cytokines  for  24-72  hours.  The  monolayers  were  washed  and  then  single  cell  suspensions 
were  prepared  using  5  mM  EDTA.  Cells  were  stained  with  antibodies  specific  for  human 
CD40,  followed  by  FITC-conjugated  goat  anti-mouse  IgG  (Jackson  ImmunoResearch 
Laboratories,  YVestgrove,  PA),  and  analyzed  using  a  FACScan  (Becton  Dickinson,  San  Jose, 
CA)  and  CellQuest  software. 
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IL-6  determination-.  Confluent  ASM  were  treated  with  either  TNFct  or  IFNy.  After  72 
hours,  the  monolayers  were  washed  and  supplied  with  fresh  media  and  soluble  CD40LT  (10 
pg/ml)  was  then  added  to  the  indicated  wells.  The  plates  were  incubated  for  an  additional  24 
hours,  at  which  time  the  supernatants  were  collected  and  frozen  at  -80°C  until  cytokine  assays 
were  performed.  Human  EL-6  was  quantitated  using  a  commercial  ELISA  (R&D  Systems, 
Minneapolis,  MN)  according  to  the  manufacturer’s  instructions.  Statistical  differences  in  IL-6 
production  were  calculated  using  a  nonparametric  matched-pair  analysis.  Values  of  p<0.05 
were  considered  statistically  significant. 

Immunoblotting-.  Confluent  ASM  cells  were  rendered  quiescent  by  culturing  in  serum-free 
media  for  24  hours,  then  stimulated  with  2  pg/ml  anti-CD40  for  the  times  indicated.  Cells 
were  lysed  in  buffer  containing  50  mM  Tris,  pH  7.5,  100  mM  NaCl,  1%  Triton  X-100,  0.1% 
deoxycholate,  100  jig/ml  leupeptin,  1  mM  PMSF,  10  pg/ml  aprotinin,  5  mM  EDTA,  50  mM 
NaF,  40  mM  P-glycerophosphate,  1  mM  Na3V04  for  10  minutes  at  4°C.  Post-nuclear 
extracts  were  obtained  by  centrifugation  of  lysates  at  14,000xg  for  10  minutes.  Equivalent 
amounts  of  protein,  as  determined  by  the  bicinchoninic  acid  (BCA)  protein  assay  kit  (Pierce, 
Rockford,  IL),  were  resolved  on  an  8%  SDS-polyacrylamide  gel  under  reducing  conditions, 
transferred  to  polyvinylidene  difluoride  membranes  and  blocked  in  a  solution  containing  30 
mM  Tris  pH  7.6,  75  mM  NaCl  and  3%  BSA.  Membranes  were  immunoblotted  with  anti- 
phosphotyrosine  for  1  hour  at  4°C,  followed  by  rabbit  anti-mouse  IgG  (Jackson 
ImmunoResearch).  Bound  antibody  was  detected  using  125I-protein  A  (DuPont  NEN, 
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Boston,  MA)  and  visualized  by  autoradiography. 

Cytosolic  calcium  measurements.  ASM  cells  were  plated  at  low  density  onto  15  mm 
coverslips  3-5  days  before  the  experiments  were  performed.  All  experiments  were  performed 
using  subconfluent  cells  between  3rd-5th  passage.  Cells  were  loaded  with  2.5  mM  fiira-2/AM 
(in  HEPES  buffer  containing  137.5  mM  NaCl,  1.25  mM  CaCI9,  1.25  mM  MgCl2,  0.4  mM 
NaHPO^j,  6  mM  KC1,  5.6  mM  glucose,  supplemented  with  1  mg/ml  BSA)  for  30  minutes  at 
37°C,  and  washed  in  HEPES-bufFered  saline.  Cells  were  then  placed  in  a  thermostatically 
controlled  cell  chamber  on  a  Nikon  inverted  microscope  (Diaphot).  Cells  were  imaged  using 
a  40X  (oil)  fluorescence  objective  lens.  Excitation  energy'  was  switched  between  340  and  380 
nm  wavelength  using  a  75  watt  xenon  lamp  source  and  a  Fura-2  dichroic  mirror  (Chroma 
Technology,  Brattleboro,  VT).  The  emitted  fluorescence  (510  nm)  was  diverted  to  an  image 
intensified  CCD  camera  (Hamamatsu,  Hamamatsu  City,  Japan)  attached  to  the  video  analog- 
to-port  digital  conversion  board  (Maatrox).  Image  analysis  of  individual  cells  was 
accomplished  using  the  Image- 1  AT/Fluor  program  (Universal  Imaging,  West  Chester,PA). 
The  340/380  ratio  was  converted  to  an  estimate  of  cytosolic  free  calcium  using  previously 
described  methods  (36;37).  Calibration  measurements  were  made  by  treating  cells  with 
ionomycin  (10  mM)  in  the  presence  of  12  mM  calcium  to  measure  Rj^^,  or  by  adding  a 
stoichiometric  excess  of  EGTA  to  achieve  Values  used  for  the  calibration  equation 

were  Rmjn=0.3  and  Rj^^^.6,  Kcj=224  and  f380mjn/f3S0max=5.  Antibodies  or  soluble 
ligand  were  added  directly  to  the  bath.  Bradykinin  (1  rhM,  Sigma  Chemical  Co.,  St.  Louis, 
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MO)  was  added  to  compare  the  magnitude  of  bradykinin-induced  calcium  transients  with 
those  evoked  by  CD40.  NiCI2  (4  mM,  Fisher  Scientific,  Springfield,  NJ)  or  MnCI,  (200  pM, 
Fisher)  was  added  to  distinguish  release  of  calcium  from  intracellular  stores  from  calcium 
influx.  Where  indicated,  cells  were  pretreated  with  either  genistein  (5  pM,  Gibco  BRL, 
Grand  Island,  NY)  for  1  hour  or  herbimycin  (10  pM,  Sigma)  for  4  hours  at  37°C  prior  to 
stimulation  with  anti-CD40. 

Nuclear  extracts  and  mobility  shift  assay.  Nuclear  extracts  were  prepared  according  to  the 
method  of  Andrews  and  Faller  (3S).  Confluent  ASM  were  treated  with  IFNy  (500  U/ml)  for 
72  hours,  then  stimulated  with  CD40LT  (10  pg/ml)  for  the  indicated  times.  Cells  were 
harvested  by  scraping  into  cold  PBS.  Nuclei  were  isolated  by  treatement  with  hypotonic  lysis 
buffer  A  containing  10  mM  HEPES,  10  mM  KC1,  1.5  mM  MgCI2,  0.5  mM  DTT,  0.5  mM 
PMSF,  1  pg/ml  leupeptin  and  0.5%  NP-40.  The  nuclear  pellet  was  resuspended  in  buffer  B 
(420  mM  NaCl,  20  mM  HEPES,  1.5  mM  MgCl2,  0.2  mM  EDTA,  25%  glycerol,  0.5  mM 
DTT,  0.5  mM  PMSF,  10  pg/ml  leupeptin)  for  20  minutes  on  ice  and  clarified  by 
centrifugation  at  13,000xg.  The  resulting  supernatants  contained  1-2  mg/ml  protein  by  the 
BCA  assay.  Nuclear  extracts  were  stored  at  -80°C. 

A  double-stranded  oligonucleotide  probe  containing  the  NF-kB  consensus  sequence 
(Promega  Corp.,  Madison,  Wl)  was  end-labeled  with  y-3:P-ATP  using  T4  kinase  (Gibco 
BRL).  Eight  pg  of  nuclear  extract  were  incubated  with  1  pg  poly(dl-dC)  and  radiolabeled 
probe  for  30  minutes  at  room  temperature.  DNA-protein  complexes  were  resolved  by 
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electrophoresis  on  a  4%  non-denaturing  polyacrylamide  gel  at  200V.  The  gels  were  then 
dried  and  exposed  to  X-ray  film  for  autoradiography.  In  supershift  experiments,  nuclear 
extracts  were  preincubated  with  polyclonal  goat  antibodies  specific  for  p50,  p65  or  c-Rel 
(Santa  Cruz  Biotechnology,  Santa  Cruz,  CA)  for  15  minutes  on  ice  prior  to  the  addition  of 
32P-labeled  probe. 
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RESULTS 

CD40  is  expressed  on  cultured  ASM  and  unregulated  by  TNFa  and  IFNx- 

To  determine  if  the  interaction  between  activated  T  cells  and  airway  smooth  muscle 
could  potentially  involve  CD40-CD40L  binding,  we  examined  whether  human  ASM 
expressed  CD40.  Unstimulated,  cultured  human  ASM  cells  were  stained  with  anti-CD40 
antibodies  and  analyzed  by  flow  cytometry.  Low  constitutive  expression  of  CD40  was 
detected  compared  to  control  ASM  reacted  with  an  isotype  matched  control  mAb  (Figure 
1A).  Treatment  of  ASM  with  either  TNFa  or  IFNy  induced  a  2-4-fold  increase  in  CD40 
expression  (Figure  1A)  and  the  effect  of  TNFa  and  IFNy  together  was  at  least  additive, 
inducing  a  7-fold  increase  in  CD40  expression  (data  not  shown).  In  contrast,  IL-4  had  no 
effect  or  resulted  in  a  slight  decrease  in  CD40  expression  compared  to  baseline  expression 
(Figure  1  A)  but  had  no  effect  on  TNFa  or  DFNy-induced  upregulation  of  CD40  (data  not 
shown).  Maximal  expression  of  CD40  occurred  on  day  2  following  treatment  with  TNFa  and 
on  day  3  following  IFNy  stimulation  (Figure  IB,  top)  and  was  dose  dependent  (Figure  IB, 
bottom). 

Ligation  of  CD40  enhances  IL-6  production  by  ASM. 

We  examined  whether  CD40  triggered  cytokine  production  by  ASM  by  measuring  IL- 
6  in  response  to  stimulation  with  soluble  CD40LT.  Unstimulated  ASM  produced  low  basal 
levels  of  IL-6,  while  treatment  with  CD40LT  increased  IL-6  secretion  by  approximately 
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38±9%  (Figure  2).  Stimulation  with  TNFa  increased  IL-6  secretion  by  approximately  2.7- 
fold  over  baseline  values;  CD40LT  increased  TNFa-induced  IL-6  production  by  26+10%. 
IFNy  alone  had  minimal  effects  on  IL-6  production- by  ASM,  but  acted  synergistically  with 
CD40LT,  increasing  LFNy-induced  IL-6  secretion  by  approximately  73+12%  compared  to 
IFNy  alone  (Figure  2).  These  data  suggest  that  CD40-CD40L  interactions  can  transduce  a 
costimulatory  activation  signal  leading  to  the  augmented  release  of  inflammatory  mediators 
by  ASM. 

CD40  mediates  an  increase  in  intraceUular  calcium  in  culturedASM. 

Although  the  results  have  been  contradictory,  there  is  evidence  to  suggest  that  CD40 
can  mediate  a  rise  in  intracellular  calcium  concentrations  in  B  cells  (17).  We  therefore 
measured  CD40-induced  changes  in  cytosolic  calcium  in  human  ASM.  After  the  addition  of 
CD40LT  to  fiira-2-loaded  ASM  cells,  there  was  a  gradual  and  protracted  increase  in  cytosolic 
calcium  (Figure  3A).  The  average  increase  in  cytosolic  calcium  evoked  by  CD40LT  was 
141+15  nM  (n=  15-25  cells).  This  increase  was  abrogated  by  pretreatment  with  blocking  anti- 
CD40LT  antibodies  (Figure  3 B).  Similar  results  were  obtained  when  cells  were  stimulated 
with  anti-CD40  (Figure  3C),  where  the  average  increase  in  cytosolic  calcium  evoked  was 
103+17  nM  (n=33  cells).  The  calcium  response  to  CD40LT  or  anti-CD40  stimulation 
differed  from  that  seen  in  response  to  smooth  muscle  cell  contractile  agonists  such  as 
bradykinin,  which  was  rapid,  with  a  maximum  peak  increase  to  26S+38  nM  (Figure  3C).  The 
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specificity  of  the  response  is  evidenced  by  the  lack  of  effect  of  an  isotype-matched  binding 
anti-ICAM-1  control  antibody  (Figure  3D).  The  addition  of  NiCl2  prior  to  antibody  cross- 
linking  abolished  the  CD40-induced  signal  (Figure  4),  suggesting  that  the  increase  in 
intracellular  calcium  was  dependent  on  an  influx  through  transmembrane  calcium  channels. 
Similar  effects  were  seen  using  another  divalent  cation  MnC!2  (data  not  shown).  This 
differs  from  the  response  to  bradykinin  (Figure  4),  which  was  previously  shown  to  be  due  to 
release  of  intracellular  calcium  stores  (39;40).  Finally,  pretreatment  of  the  ASM  with  the 
tyrosine  kinase  inhibitors  genistein  (Figure  5)  or  herbimycin  (data  not  shown)  completely 
inhibited  the  early  CD40-induced  calcium  response,  suggesting  that  calcium  mobilization 
induced  by  engagement  of  CD40  is  coupled  to  activation  of  protein  tyrosine  kinases. 
Genistein  had  no  effect,  however,  on  the  bradykinin-evoked  calcium  response  (Figure  5). 

Ligation  of_  CT)40  induces  protein  tyrosine  phosphorylation  in  culturedASM. 

We  next  attempted  to  identify  some  of  the  receptor-proximal  signaling  events  that  are 
activated  by  CD40  crosslinking.  It  was  previously  demonstrated  that  engagement  of  CD40 
induced  tyrosine  phosphorylation  in  transformed  or  activated,  but  not  resting,  B  cells 
(9;41;42).  In  addition,  the  effect  of  genistein  on  the  calcium  response  described  above 
indicated  that  CD40  may  be  coupled  to  protein  tyrosine  kinase  signal  transduction  pathways 
in  ASM.  To  directly  assess  whether  CD40  mediated  activation  of  PTKs,  cells  were  made 
quiescent  by  culturing  in  serum-free  media  for  24  hours,  then  stimulated  with  anti-CD40  mAb 
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for  the  indicated  times.  Protein  tyrosine  phosphorylation  of  cellular  proteins  was  detected  by 
immunoblotting  with  anti-phosphotyrosine  antibodies.  Tyrosine  phosphorylated  species  with 
Mr  of  40-50kD  were  detected  at  10-15  minutes  following  stimulation  (Figure  6). 
Phosphorylation  of  these  proteins  was  not  seen  when  smooth  muscle  cells  were  incubated 
with  an  isotype-matched  control  antibody  (data  not  shown).  Similar  to  the  CD40-mediated 
increase  in  intracellular  calcium,  CD40-induced  tyrosine  phosphorylation  did  not 
require  pretreatment  of  the  cells  with  cytokine. 

CD  40  induces  NF-kB  activation  in  ASM 

The  transcription  factor  NF-kB  is  important  for  maximal  transcription  of  many  cellular 
products  involved  in  inflammatory  responses,  such  as  TNFa,  IL-ip,  IL-6  and  EL-8.  To  test 
whether  CD40  could  induce  activation  of  NF-kB  in  ASM,  cells  were  pretreated  with  UrNy 
for  72  hours,  then  stimulated  with  soluble  CD40LT.  Two  NF-kB-DNA  binding  complexes 
were  observed  (Figure  7A).  An  inducible  NF-kB  activity  was  seen  as  early  as  15  minutes  ' 
following  exposure  to  CD40LT,  which  peaked  at  approximately  30  minutes,  then  decreased. 
In  comparison,  TNFa-induced  a  co-migrating  NF-kB  complex  more  rapidly  and  the  presence 
of  this  complex  was  sustained  over  the  same  timecourse  (data  not  shown).  A  second  complex 
was  constitutively  present  and  unaffected  by  treatment  with  either  CD40LT  or  TNFa. 
Formation  of  the  inducible  complex  was  inhibited  by  excess  cold  oligonucleotide  (Figure  7B) 
Cells  that  were  stimulated  with  CD40L,  in  the  absence  of  IFN-y  pretreatment, 
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exhibited  the  constitutive  but  not  the  inducible  NF-kB  complex  (data  not  shown).  To 
determine  the  subunit  composition  of  these  complexes,  nuclear  extracts  were  incubated  with 
specfic  subunit  antibodies.  Anti-p65/RelA  abrogated  formation  of  the  inducible  complex,  but 
had  no  effect  on  the  constitutive  complex  (Figure  7B).  Anti-p50  had  a  partial  inhibitory 
effect  on  formation  of  the  inducible  NF-kB  complex  (Figure  7B).  No  supershift  or 
inhibition  of  either  complex  was  seen  with  anti-c-Rel,  suggesting  that  these  effects  were 
specific.  Thus,  it  appears  that  CD40  activates  the  formation  of  an  NF-kB  heterodimer, 
consisting  of  at  least  p50  and  p65/RelA.  In  addition,  this  effect  was  dependent  on  priming 
of  the  cells  by  IFN-y,  which  alone  had  no  effect. 

Extracellular  calcium  is  necessary,  {or  CD40-me<Uated  NF-kB  activation _and  JL-6 
secretion 

Engagement  of  the  CD40  receptor  results  in  mobilization  of  extracellular  calcium  in 
ASM.  We  examined  whether  extracellular  calcium  was  necessary  for  the  pro-inflammatory 
effects  of  CD40,  including  activation  of  NF-kB  and  1L-6.  ASM  cells  were  treated  with  EFN-y 
for  72  hours,  then  placed  in  serum  free  media  containing  2  mM  calcium.  The  cells  were 
treated  for  15  minutes  with  4  mM  NiCU  prior  to  being  stimulated  with  CD40LT. 
Pretreatment  with  NiCl2  completely  abrogated  the  ability  of  CD40LT  to  activate  the  inducible 
NF-kB  complex,  but  had  no  effect  on  the  constitutive  complex  (Figure  8A).  NiCl2  alone  had 
no  demonstrable  effect  on  NF-kB  activation.  In  addition,  pretreatment  with  NiCl2  inhibited 
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CD40-induced  increases  in  DL-6  secretion  by  ASM,  but  had  minimal  effects  on  basal  secretion 
(Figure  8B). 
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Airway  smooth  muscle  cells  directly  modulate  the  bronchial  hyperresponsiveness  that 
characterizes  diseases  of  airway  inflammation  such-  as  asthma.  The  mechanisms  by  which 
ASM  cell  function  is  altered  with  inflammation  remain  unknown.  The  most  well  recognized 
and  well  studied  mechanisms  involve  direct  stimulation  of  ASM  by  contractile  agonists 
released  during  inflammation  such  as  histamine  or  leukotrienes.  It  has  also  been  recognized 
that  inflammatory  cytokines  such  as  TNFa,  that  do  not  by  themselves  induce  ASM 
contraction,  can  “prime”  airway  smooth  muscle  cells  to  respond  at  lower  doses  to  directly 
acting  bronchoconstrictors  (31;32).  A  third,  but  much  less  well  studied,  mechanism  involves 
contact-dependent  cell-to-cell  interactions  of  ASM  with  activated  inflammatory  cells  within 
the  airway.  In  support  of  this  contact-dependent  mechanism,  we  have  recently  reported  the 
upregulation  of  the  cell  adhesion  molecules  ICAM-1  and  VCAM-1  on  TNFa-stimulated  ASM 
cells  (33).  These,  along  with  CD44,  support  the  adhesion  of  activated  T-cells  to  ASM  (33). 
Importantly,  adhesion  of  these  activated  lymphocytes  induces  DNA  synthesis  in  ASM  cells 
(33).  In  this  study,  we  extended  our  prior  observations  by  demonstrating  that  an  additional 
ligand  pair  (CD40-CD40L)  can  impart  cellular  signals  which  modulate  smooth  muscle  cell 
function.  We  have  delineated  a  potentially  important  signal  transduction  pathway  in  ASM, 
involving  PTK-dependent  activation  of  calcium  mobilization.  This  calcium  response  appears 
to  be  required  for  the  further  downstream  activation  of  NF-kB  and  secretion  of  IL-6,  a  gene 
known  to  be  resulated  by  NF-kB.  These  data  provide  further  evidence  for  the  role  of  CD40 


in  regulating  the  inflammatory  response. 

We  initially  tested  the  ability  of  CD40  engagement  to  affect  ASM  cytokine  secretion 
focusing  on  the  pleiotropic  inflammatory  cytokine  EL-6.  CD40LT  induced  a  significant 
enhancement  of  EL-6  secretion  by  both  unstimulated  and  TNFa-  and  IFNy-treated  ASM. 
Similar  findings  have  been  noted  in  both  transformed  (25)  as  well  as  primary  fibroblasts 
(24;29),  keratinocytes  (27)  and  vascular  smooth  muscle  cells  (28).  IL-6  has  a  number  of 
proinflammatory  effects  including  its  ability  to  stimulate  T  cell  proliferation  (43)  and 
upregulate  EL-4-dependent  IgE  production  (44).  In  addition,  IL-6  has  been  shown  to  increase 
the  phosphorylation  of  CD40  in  B  cells  (45),  supporting  the  idea  of  a  CD40-IL-6  feedback 
loop.  Therefore,  the  ability  of  CD40  to  enhance  IL-6  production  by  ASM  has  important 
implications  for  airway  inflammation. 

We  also  studied  the  effect  of  CD40  engagement  on  intracellular  calcium  levels.  This 
response  has  physiological  and  pathophysiologic  significance  since  intracellular  calcium  is  an 
essential  second  messenger  regulating  smooth  muscle  cell  contractility  (reviewed  in  (46)). 
Previous  data  regarding  CD40-induced  calcium  mobilization  in  B  cells  has  been  variable  and 
has  not  been  investigated  in  other  cell  types  that  we  are  aware  of.  Klaus  et  al.  (17)  directly 
measured  intracellular  calcium  in  murine  B  cells  in  response  to  anti-CD40  and  observed  a 
slow,  moderate  increase.  In  contrast,  other  investigators  found  no  increase  in  intracellular 
calcium  following  engagement  of  CD40  on  either  human  (47)  or  murine  (48)  B  cells.  This 
discrepancy  may  be  due  to  both  species-specific  and  activation  state-dependent  differences 
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in  CD40  signaling. 

We  found  that  engagement  of  CD40  on  ASM  consistently  evoked  an  increase  in 
intracellular  calcium.  The  calcium  mobilization  induced  by  CD40  was  slow  and  protracted, 
contrasting  with  the  rapid  and  transient  response  induced  by  agonists  that  release  inositol-3- 
phosphate-dependent  calcium  stores  (49).  These  data  suggest  that  CD40-mediated  calcium 
mobilization  involves  a  pathway  distinct  from  the  classical  phospholipase  C  pathways,  which 
are  activated  by  agonists  that  bind  to  seven  transmembrane  spanning-G-protein  coupled 
receptors  (reviewed  in  (50)).  The  CD40-induced  calcium  mobilization  we  observed  in  ASM 
was  dependent  on  an  influx  of  extracellular  calcium,  inasmuch  as  the  use  of  competitive 
inhibitors  of  calcium  influx,  such  as  NiCL  or  MnCL,  abrogated  the  response.  Furthermore, 
we  found  that  extracellular  calcium  was  also  required  for  the  CD40-induced  activation  of  NF- 
kB  and  IL-6  secretion  in  ASM  cells.  Others  have  shown  that  NF-kB  is  a  calcium  sensitive 
transcriptional  regulator.  For  example,  Kanno  and  Siebenlist  (5 1 )  demonstrated  that  T  cell- 
receptor-mediated  activation  of  NF-kB  was  abrogated  in  the  presence  of  a  calcium  channel 
blocker.  Similarly,  studies  from  Dolmetsch  et  al.  (52)  demonstrated  that  both  the  amplitude 
and  duration  of  calcium  signals  could  modulate  gene  transcription.  Large  transient  rises  in 
intracellular  calcium  were  found  to  activate  both  NF-kB  and  JNK  in  B  lymphocytes. 

The  underlying  mechanisms  whereby  CD40  activates  calcium  influx  remain  to  be 
determined.  Consistent  with  our  data  in  ASM,  Wijetunge  et  al.  (53 ;54)  reported  that  voltage 
operated  calcium  channels  could  be  modulated  by  endogenous  tyrosine  kinases,  including 
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pp60c-src,  based  on  the  fact  that  the  calcium  channel  currents  were  completely  inhibited  by 
tyrosine  kinase  inhibitors,  including  genistein.  We  observed  no  change  in  the  tyrosine 
phosphorylation  of  src  (unpublished  observation).  .  However,  the  CD40-induced  calcium 
transient  in  ASM  was  completely  abolished  by  genistein  and  herbimycin,  while  these 
inhibitors  had  no  effect  on  agonist-induced  calcium  mobilization.  Together,  these  results 
suggest  that  the  CD40  mediated-calcium  response  in  ASM  may  involve  the  activation  of 
voltage  operated  calcium  channels,  which  were  shown  to  be  functionally  present  in  ASM  cells 
(40;55),  and  that  this  may  be  coupled  to  protein  tyrosine  kinase  pathways. 

Data  derived  from  transformed  B  cell  lines  or  resting  or  activated  normal  B  cells 
suggests  that  engagement  of  CD40  leads  to  both  PTK  and  serine/threonine  kinase  activation 
(7;8;47;48;56).  Little  is  known,  however,  about  CD40  coupling  to  PTK  signaling  pathways 
in  non-B  cells.  Gaspari  et  al.  (27)  described  tyrosine  phosphorylation  of  a  single  50kD 
species  in  keratinocytes  stimulated  with  anti-CD40  antibodies.  We  now  demonostrate  that 
in  resting  human  ASM,  CD40  cross-linking  leads  to  increases  in  protein  tyrosine 
phosphorylation.  This  effect,  as  well  as  the  CD40-mediated  increase  in  calcium 
mobilization,  did  not  require  pretreatment  of  the  smooth  muscle  cells  with  EFNy,  On 
the  other  hand,  cytokine  pretreatment  enhanced  CD40-mediated  IL-6  secretion  and 
was  required  for  CD40-mediated  NF-kB  activation.  This  suggests  that  cytokines  may 
“prime”  the  smooth  muscle  cell  for  certain  responses,  possibly  through  the  modulation 
of  transcription  factors,  as  has  been  described  in  macrophages  (57;58). 
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In  summary,  we  have  demonstrated  for  the  first  time  that  CD40  is  functionally 
expressed  on  the  surface  of  human  airway  smooth  muscle,  and  delineated  a  CD40-mediated 
signal  transduction  pathway  involving  PTK-dependent  calcium  mobilization  and  calcium- 
dependent  activation  of  NF-kB  and  EL-6  secretion.  Interactions  between  CD40-positive 
ASM  and  CD40L-positive  cells  such  as  CD4  T  lymphocytes  or  eosinophils  should  thus  be 
considered  a  potentially  important  component  of  the  inflammatory  response  of  the  airways. 
Future  studies  will  focus  on  defining  the  role  of  these  molecules  in  in  vivo  models  of  airway 
inflammation,  in  defining  other  physiological  important  consequences  of  CD40  engagement, 
and  in  understanding  the  molecular  events  that  regulate  signaling  by  CD40. 


23 


REFERENCES 


1.  Banchereau,  J.,  F.  Bazan,  D.  Blanchard,  F.  Briere,  J.P.  Galizzi,  C.  Van  Kooten, 
Y.-J.  Liu,  F.  Rousset,  and  S.  Saeland.  1994.  The  CD40  antigen  and  its  ligand. 
Annu. Rev. Immunol  72:881. 

2.  Noelle,  R.J.,  M.  Roy,  D.M.  Shepherd,  I.  Stamenkovic,  J.A.  Ledbetter,  and  A. 
Aruffo.  1992.  A  39-kDa  protein  on  activated  helper  T  cells  binds  CD40  and 
transduces  the  signal  for  cognate  activation  of  B  cells.  Proc.Natl.Acad.Sci.USA 
89:6 550. 


3.  Ledertnan,  S.,  M.J.  Yellin,  A.  Krichevsky,  J.  Belko,  J.J.  Lee,  and  L.  Chess.  1992. 
Identification  of  a  novel  surface  protein  on  activated  CD4*  T  cells  that  induces 
contact-dependent  B  cell  differentiation.  J.Exp.Med  775:1091. 

4.  Armitage,  R.J.,  W.C.  Fanslow,  L.  Strockbine,  T.A.  Sato,  K.N.  Clifford,  B.M. 
Macduff,  D.M.  Anderson,  S.D.  Gimpel,  T.  Davis-Smith,  C.R.  Maliszewski,  E.A. 
Clark,  C.A.  Smith,  K.H.  Grabstein,  D.  Cosman,  and  M.K.  Spriggs.  1992. 
Molecular  and  biological  characterization  of  a  murine  ligand  for  CD40.  Nature 
357.  SO. 


24 


5.  Spriggs,  M.K.,  R.J.  Armitnge,  L.  Strockbine,  K.N.  Clifford,  B.M.  Macduff,  T.A. 
Sato,  C.R.  Maliszewski,  and  W.C.  Fanslow  .  1992.  Recombinant  CD40  ligand 
stimulates  B  cell  proliferation  and  immunoglobulin  E  secretion.  J.Exp.Med.  176:1543. 

6.  Foy,  T.M.,  A.  ArufTo,  J.  Bajorath,  J.E.  Buhlmann,  and  R.J.  Noelle.  1996.  Immune 
regulation  by  CD40  and  its  ligand  GP39.  Annu.Rev.Immunol.  14: 591. 

7.  Ren,  C.L.,  T.  Morio,  S.M.  Fu,  and  R.S.  Geha.  1994.  Signal  transduction  via  CD40 
involves  activation  of  lyn  kinase  and  phosphatidylinositol-3-kinase,  and 
phosphorylation  of  phospholipase  Cgamma2.  J.Exp.Med.  1 79:673. 

8.  Faris,  M.,  F.  Gaskin,  J.T.  Parsons,  and  S.M.  Fu.  1994.  CD40  signaling  pathway: 
anti-CD40  monoclonal  antibody  induces  rapid  dephosphorylation  and  phosphorylation 
of  tyrosine-phosphorylated  proteins  including  protein  tyrosine  kinase  Lyn,  Fyn,  and 
Syk  and  the  appearance  of  a  28-kD  tyrosine  phosphorylated  protein.  J.Exp.Med. 

179: 1923. 

9.  Li,  Y.-Y.,  M.  Baccam,  S.B.  Waters,  J.E.  Pessin,  G.A.  Bishop,  and  G.A. 

Koretzky.  1996.  CD40  ligation  results  in  protein  kinase  C-independent  activation  of 
ERK  and  JNK  in  resting  murine  splenic  B  cells.  J. Immunol.  157: 1440. 


25 


10.  Sutherland,  C.L.,  A.W.  Heath,  S.L.  Pelech,  P.R.  Young,  and  MR.  Gold.  1996. 
Differential  activation  of  the  ERK,  JNK  and  p38  mitogen-activated  protein  kinases  by 
CD40  and  the  B  cell  antigen  receptor.  J. Immunol.  157: 3381. 


11.  Berberich,  L,  G.  Shu,  F.  Siebelt,  J.R.  Woodgett,  J.M.  Kyriakis,  and  E.A.  Clark. 
1996.  Cross-linking  CD40  on  B  cells  preferentially  induces  stress-activated  protein 
kinases  rather  than  mitogen-activated  protein  kinases.  EMBO  J.  15: 92. 


12.  Karmann,  K.,  W.  Min,  W.  Fanslow,  and  J.S.  Pober.  1996.  Activation  and 
homologous  desensitization  of  human  endothelial  cells  by  CD40  ligand,  tumor  necrosis 
factor,  and  interleukin  1.  J.Exp.Med.  184:112. 

13.  Sakata,  N.,  H.R.  Patel,  N.  Tereda,  A.  ArufTo,  G.L.  Johnson,  and  E.W.  Gelfand. 
1995.  Selective  activation  of  c-Jun  kinase  mitogen-activated  protein  kinase  by  CD40 
on  human  B  cells.  J.Biol.Chem.  270: 30823. 

14.  Kashiwada,  M.,  Y.  Kaneko,  H.  Yagita,  K.  Okumura,  and  T.  Takemori.  1996. 
Activation  of  mitogen-activated  protein  kinases  via  CD40  is  distinct  from  that 
stimulated  by  surface  IgM  on  B  cells.  EurJ. Immunol.  26: 1451. 


26 


15.  Gulbins,  E.,  B.  Brenner,  K.  Schlottmann,  U.  Koppenhoefer,  O.  Linderkamp, 
K.M.  Coggeshall,  and  F.  Lang.  1996.  Activation  of  the  Ras  signaling  pathway  by  the 
CD40  receptor.  J.Immunol.  757:2844. 

16.  Aagard-Tillery,  K.M.  and  D.F.  Jelinek.  1996.  Phosphatidylinositol  3-kinase 
activation  in  normal  human  B  lymphocytes.  Differential  sensitivity  of  growth  and 
differentiation  to  wortmannin.  J.Immunol.  756:4543. 

17.  Klaus,  G.G.B.,  M.S.K.  Choi,  and  M.  Holman.  1994.  Properties  of  mouse  CD40. 
Ligation  of  CD40  activates  B  cells  via  a  Ca~-dependent,  FK506-sensitive  pathway. 
Eur. J.Immunol.  24: 3229. 

18.  Alderson,  M.R.,  R.J.  Armitage,  T.VV.  Tough,  L.  Strockbine,  VV.C.  Fanslow,  and 
M.K.  Spriggs.  1993.  CD40  expression  by  human  monocytes:  regulation  by  cytokines 
•and  activation  of  monocytes  by  the  ligand  for  CD40.  J.Exp.Med.  775:669. 

i 

19.  Caux,  C.,  C.  Massacrier,  B.  Vanbervliet,  B.  Dubois,  C.  Van  Kooten,  I.  Durand, 
and  J.  Banchereau.  1994.  Activation  of  human  dendritic  cells  through  CD40 
crosslinking.  J.Exp.Med.  750:1263. 


27 


20.  Ohkawara,  Y.,  G.K.  Lim,  Z.  Xing,  M.  Glibetic,  K.  Nnknno,  J.  Dolovich,  K. 
Croitoru,  P.F.  Weller,  and  M.  Jordana.  1996.  CD40  expression  by  human 
peripheral  blood  eosinophils.  J.Clin.Invest.  97:\16\. 

21.  Hollenbaugh,  D.,  N.  Mischel-Petty,  C.P.  Edwards,  J.C.  Simon,  R.W.  Denfeld, 
P.A.  Kiener,  and  A.  Aruffo.  1995.  Expression  of  functional  CD40  by  vascular 
endothelial  cells.  J.Exp.Med  182:33. 

22.  Yellin,  M.J.,  J.  Brett,  D.  Baum,  A.  Matsushima,  M.  Szabolcs,  D.  Stern,  and  L. 
Chess.  1995.  Functional  interactions  ofT  cells  with  endotheilial  cells:  The  role  of 
CD40L-CD40-mediated  signals.  J.Exp.Med.  J82(6):\S51. 

23.  Karmann,  K.,  C.C.  Hughes,  J.  Schechner,  W.C.  Fanslow,  and  J.S.  Pober.  1992. 
CD40  on  human  endothelial  cells:  inducibility  by  cytokines  and  functional  regulation 
of  adhesion  molecule  expression.  Proc.Natl.Acad.Sci.USA  92:4342. 

24.  Yellin,  M.J.,  S.  Winikoff,  S.M.  Fortune,  D.  Baum,  M.K.  Crow,  S.  Lederman, 
and  L.  Chess.  1995.  Ligation  ofCD40  on  fibroblasts  induces  CD54  (ICAM-1)  and 
CD  106  (VCAM-1)  up-regulation  and  IL-6  production  and  proliferation.  J.Leakocyte 
Biol.  58: 209. 


28 


25.  Hess,  S.,  A.  Rensing-Ehl,  R.  Schwabe,  P.  Bufler,  and  H.  Engelmann.  1995.  CD40 
function  in  nonhematopoietic  cells.  J. Immunol.  754:4588. 


26.  Peguet-Navarro,  J.,  C.  Dalbiez-Gauthier,  C.  Moulon,  O.  Berthier,  A.  Reano,  M. 
Gaucherand,  J.  Banchereau,  F.  Rousset,  and  D.  Schmitt.  1996.  CD40  ligation  of 
human  keratinocytes  inhibits  their  proliferation  and  induces  their  differentiation. 

J. Immunol.  158:144. 

27.  Gaspari,  A.A.,  G.D.  Sempowski,  P.  Chess,  J.  Gish,  and  R.P.  Phipps.  1996. 

Human  epidermal  keratinocytes  are  induced  to  secrete  interleukin-6  and  co-stimulate 
T  lymphocyte  proliferation  by  a  CD40-dependent  mechanism.  EurJ. Immunol. 
26:1371. 

28.  Mach,  F.,  U.  Schonbeck,  G.K.  Sukhova,  T.  Bourcier,  J.-Y.  Bonnefoy,  J.S.  Pober, 
and  P.  Libby.  1997.  Functional  CD40  ligand  is  expressed  on  human  vascular 
endothelial  cells,  smooth  muscle  cells,  and  macrophages:  Implications  for  CD40- 
CD40  ligand  signaling  in  atherosclerosis.  Proc.Natl.Acad.Sci.  USA  94: 1931. 

29.  Sempowski,  G.D.,  P.R.  Chess,  and  R.P.  Phipps.  1997.  CD40  is  a  functional 
activation  antigen  and  B7-independent  T  cell  costimulatory  molecule  on  normal  human 


29 


lung  fibroblasts.  J. Immunol.  158:4610. 


30.  Lazaar,  A.L.,  H.E.  Reitz,  R.A.  Panettieri,  S.P.  Peters,  and  E.  Pure'.  1997.  Antigen 
receptor-stimulated  peripheral  blood  and  bronchoalveolar  lavage-derived  T  cells 
induce  MHC  class  II  and  ICAM-1  expression  on  human  airway  smooth  muscle. 
Am.J.Respir.Cell Mol.Biol.  7(5:38. 


31.  Amrani,  Y.,  R.A.  Panettieri,  N.  Frossard,  and  C.  Bronner.  1996.  Activation  of  the 
TNFa-p55  receptor  induces  myocyte  proliferation  and  modulates  agonist-evoked 
calcium  transients  in  cultured  human  tracheal  smooth  muscle  cells.  Am.J.Respir.Cell 
Mol.Biol.  15:55. 


32.  Amrani,  Y.,  N.  Martinet,  and  C.  Bronner.  1995.  Potentiation  by  tumour  necrosis 
factor-a  of  calcium  signals  induced  by  bradykinin  and  carbachol  in  human  tracheal 
smooth  muscle  cells.  BrJ. Pharmacol.  114:4. 

33.  Lazaar,  A.L.,  S.M.  Albelda,  J.M.  Pilewski,  B.  Brennan,  E.  Pure',  and  R.A. 
Panettieri.  1994.  T  lymphocytes  adhere  to  airway  smooth  muscle  cells  via  integrins 
and  CD44  and  induce  smooth  muscle  cell  DNA  synthesis.  J.Exp.Med.  180:807. 


30 


34.  Fanslow,  W.C.,  S.  Srinivasan,  R.  Paxton,  M.G.  Gibson,  M.K.  Spriggs,  and  R.J. 
Armitage.  1994.  Structural  characteristics  ofCD40  ligand  that  determine  biological 
function.  Sem. Immunol.  <5:267. 

35.  Panettieri,  R.A.,  R.K.  Murray,  L.R.  Depalo,  P.A.  Yadvish,  and  M.I.  KotlikolT. 
1989.  A  human  airway  smooth  muscle  cell  line  that  retains  physiological 
responsiveness.  Am.J. Physiol.  25(5:C329. 

36.  Murray,  R.K.,  B.K.  Fleischmann,  and  M.I.  Kotlikoff.  1993.  Receptor  activated  Ca 
influx  in  human  airway  smooth  muscle:  use  of  Ca  imaging  and  perforated  patch-clamp 
techniques.  Am.J. Physiol.  264 (Cull Physiol  33j:C485. 

37.  Grynkiewicz,  G.,  M.  Poenie,  and  R.Y.  Tsien.  1985.  A  new  generation  of  calcium 
indicators  with  greatly  improved  fluorescence  properties.  J.Biol.Chem.  260: 3440. 


38.  Andrews,  N.C.  and  D.V.  Faller.  1991.  A  rapid  micropreparation  technique  for 
extraction  of  DNA-binding  proteins  from  limiting  numbers  of  mammalian  cells. 
Nucl. Acids  Res.  79:2499. 


39.  Panettieri,  R.A.,  I.P.  Hall,  C.S.  Maki,  and  R.K.  Murray.  1995.  a-Thrombin 


31 


increases  cytosolic  calcium  and  induces  human  airway  smooth  muscle  cell 
proliferation.  Am.J.Respir.Cell Mol.Biol.  13: 205. 

40.  Murray,  R.K.  and  M.I.  KotlikofT.  1991.  Receptor-activated  calcium  influx  in  human 
airway  smooth  muscle.  J.Phys.Lond.  435: 123. 

41.  Uckun,  F.M.,  G.L.  Schieven,  I.  Dibirdik,  M.  Chandan-Langlie,  L.  Tuel-Ahlgren, 
and  J.A.  Ledbetter.  1991.  Stimulation  of  protein  tyrosine  phosphyorylation, 
phosphoinositide  turnover,  and  multiple  previously  unidentified  serine/threonine- 
specific  protein  kinases  by  the  pan-B-cell  receptor  CD40/Bp50  at  discrete 
developmental  stages  of  human  B-cell  ontogeny.  J.Biol.Chem.  2(56:17478. 

42.  Ren,  C.L.,  S.M.  Fu,  and  R.S.  Geha.  1994.  Protein  tyrosine  kinase  activation  and 
protein  kinase  C  translocation  are  functional  components  of  CD40  signal  transduction 
in  resting  human  B  cells.  Immunol.InvesU  25:437. 

43.  Uyttenhove,  C.,  P.G.  Coulie,  and  J.  Van  Snick.  1988.  T  cell  growth  and 
differentiation  induced  by  interleukin-HPl/IL-6,  the  murine  hybridoma/plasmacytoma 
growth  factor.  J.Exp.Med.  767:1417. 


32 


44.  Vercelli,  D.,  H.  Jabara,  K.  Arai,  T.  Yokota,  and  R.S.  Geha.  1989.  Endogenous  IL- 
6  plays  an  obligatory  role  in  EL-4  dependent  IgE  synthesis.  Eur.J. Immunol.  79:1419. 

45.  Clark,  E.A.  and  G.  Shu.  1990.  Association  between  IL-6  and  CD40  signaling:  IL-6 
induces  phosphorylation  of  CD40  receptors.  The  Journal  Of  Immunology  1 45: 1400. 

46.  Somlyo,  A.P.  and  A.V.  Somlyo.  1994.  Signal  transduction  and  regulation  in  smooth 
muscle.  Nature  372:23 1. 


47.  Knox,  K.A.  and  J.  Gordon.  1993.  Protein  tyrosine  phosphorylation  is  mandatory  for 
CD40-mediated  rescue  of  germinal  center  B  cells  from  apoptosis.  EurJ.Immunol. 
25:2578. 

48.  Marshall,  L.S.,  D.M.  Shepherd,  J.A.  Ledbetter,  A.  Aruffo,  and  R.J.  Noelle.  1994. 
Signaling  events  during  helper  T  cell-dependent  B  cell  activation.  I.  Analysis  of  the 
signal  transduction  pathways  triggered  by  activated  helper  T  cells  in  resting  B  cells. 

J. Immunol.  752:4816. 


49.  Amrani,  Y.,  C.  Magnier,  F.  Wuytack,  J.  Enouf,  and  C.  Bronner.  1995.  Ca2+ 


increase  and  Ca2+  influx  in  human  tracheal  smooth  muscle  cells:  role  of  Ca2~  pools 


33 


controlled  by  sarco-endoplasmic  reticulum  Ca2+-ATPase  2  isoform.  Br.J. Pharmacol. 
775:1204. 

50.  Berridge,  M.J.  1993.  Inositol  trisphosphate  and  calcium  signaling.  Nature  357:315. 

51.  Kanno,  T.  and  U.  Siebenlist.  1996.  Activation  of  Nuclear  Factor-icB  viaT  cell 
receptor  requires  a  Raf  kinase  and  Ca2*  influx.  The  Journal  Of  Immunology 
757:5277. 


52.  Dolmetsch,  R.E.,  R.S.  Lewis,  C.C.  Goodnow,  and  J.I.  Healey.  1997.  Differential 
activation  of  transcription  factors  induced  by  Ca2~  response  amplitude  and  duration. 
Nature  386: 855. 

53.  VVijetunge,  S.,  C.  Aalkjaer,  M.  Schacter,  and  A.D.  Hughes.  1992.  Tyrosine  kinase 
inhibitors  block  calcium  channel  currents  in  vascular  smooth  muscle  cells. 

Biochem.  Biophys.Res.  Comm.  189: 1 620. 

54.  Wijetunge,  S.  and  A.D.  Hughes.  1995.  pp60c-src  increases  voltage-operated 
calcium  channel  currents  in  vascular  smooth  muscle  cells. 

s 

Biochem.  Biophys.  Res.  Comm.  2 1 7: 1 03  9 . 


34 


55.  Yang,  C.M.,  Y.-L.  Yo,  and  Y.-Y.  Wang.  1993.  Intracellular  calcium  in  canine 
cultured  tracheal  smooth  muscle  cells  is  regulated  by  M3  muscarinic  receptors. 

Br.J. Pharmacol  110: 983. 

56.  Kato,  T.,  T.  Kokuho,  T.  Tamura,  and  H.  Nariuchi.  1994.  Mechanisms  ofT  cell 
contact-dependent  B  cell  activation.  J. Immunol.  152(5): 2130. 

57.  Ohmori,  Y.,  R.D.  Schreiber,  and  T.A.  Hamilton.  1997.  Synergy  between 
interferon-gamma  and  tumor  necrosis  factor-alpha  in  transcriptional  activation  is 
mediated  by  cooperation  between  signal  transducer  and  activator  of  transcription  1 
and  nuclear  factor  kappa  B.  J.Biol.Chem.  272: 14S99. 

58.  Cheshire,  J.  L.  and  Baldwin,  A.  S.  Jr.  1997.  Synergistic  activation  of  NF-kB  by 
tumor  necrosis  factor  ct  and  y  interferon  via  enhanced  1  tcBct  degradation  and  de  novo 
I  kB3  degradation.  Mol.  Cell.  Biol.  17(11):  6746. 


35 


FOOTNOTES 


1.  This  work  was  supported  by  NIH  grants  HL-03202  (AL),  HL-49591  (SMA)  and  HL- 
55301  (RAP),  by  an  American  Lung  Association  Research  Award  to  AL,  by  the  Asthma 
and  Allergy  Foundation  of  America  (EP,  AL)  and  by  NASA  (NRA-94-OLMSA-02, 
RAP).  EP  is  the  recipient  of  the  Asthma  and  Allergy  Foundation  of  America  Investigator 
Award.  RAP  is  the  recipient  of  an  ALA  Career  Investigator  Award.  YA  is  supported  by 
a  postdoctoral  fellowship  from  the  Association  Franqaise  pour  la  Recherche  Scientifique. 

2.  Address  correspondence  and  reprint  requests  to:  Aili  Lazaar,  MD,  Pulmonary  and 
Critical  Care  Division,  Hospital  of  the  University  of  Pennsylvania,  Maloney  872,  3600 
Spruce  Street,  Philadelphia,  PA,  19104  tel:  215  614-0S73,  FAX:  215  349-5172,  e-mail: 
alazaar@mail.med.upenn.edu 

3.  Abbreviations  used  in  this  paper:  ASM,  airway  smooth  muscle;  PTK,  protein  tyrosine 
kinase;  CD40LT,  CD40  ligand  trimer. 

4.  KEY  WORDS:  inflammation,  stromal  cells,  signal  transduction 


36 


3"  ^ 


FT  PURE  LEGENDS 


1.  Cytokine  induction  of  CD4Q  on  ASM.  A)  ASM  were  incubated  in  media  alone  (thin  line), 
or  stimulated  with  TNFa  (1000  U/ml,  bold  line),  IFNy  (1000  U/ml,  dotted  line)  or  IL-4  (20 
ng/ml,  broken  line).  After  48  hours,  cells  were  stained  with  antibodies  to  CD40  and  analyzed 
by  flow  cytometry.  IB.  (top)  ASM  were  stimulated  with  TNFa  (1000  U/ml)  for  1-3  days 
and  stained  with  anti-CD40  as  described,  (bottom)  ASM  were  stimulated  with  increasing 
doses  of  TNFa  for  48  hours  then  stained  with  anti-CD40. 

2  CD40  enhances  IL-6  production  by  ASM.  ASM  were  incubated  in  media  alone  or 
stimulated  with  TNFa  (250  U/ml)  or  EFNy  (500  U/ml).  After  72  hours,  cells  were  washed 
and  replaced  with  fresh  media  with  (black  bars)  or  without  (gray  bars)  the  addition  of 
CD40LT  (10  pg/ml).  Supernatants  were  collected  after  24  hours  and  IL-6  was  determined 
by  ELISA.  The  data  are  expressed  as  mean  IL-6  concentrations  from  duplicate  wells  and  are 
representative  of  five  experiments.  For  those  conditions  in  which  the  standard  error  bars 
are  not  apparent,  the  errors  were  less  than  3%.  *p<.01  compared  to  media  alone, 
**p<.05  compared  to  TNFa  alone,  ***p<.005  compared  to  IFNy  alone. 

3 .  CD40-induced  cytosolic  calcium  response  of  human  ASM  cells.  A)  The  kinetics  of 
cytosolic  calcium  in  response  to  CD40LT  (20  pg/ml).  Each  cell,  represented  by  a  single 
tracing,  demonstrates  a  gradual  and  sustained  rise  in  intracellular  calcium.  A  subsequent 
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addition  of  bradykinin  (1  mM)  evokes  a  rapid  and  large  calcium  transient  (n=2).  B)  The 
calcium  response  to  CD40LT  is  abrogated  by  pretreatment  with  anti-CD40LT  (10  pg/ml). 
C)  The  time  course  and  magnitude  of  cytosolic  calcium  in  response  to  anti-CD40  (10  pg/ml) 
is  similar  to  that  seen  following  stimulation  with  CD40LT  (n=4).  D)  In  response  to  an 
iso  type-matched  binding  (ICAM-1)  control  antibody,  there  is  no  change  in  intracellular  free 
calcium  (n=4). 

4.  Extracellular  calcium  is  required for  CD40-induced  calcium  transients.  The  addition  of 
NiC^  (4  mM)  alone  does  not  cause  a  change  in  intracellular  free  calcium.  The  subsequent 
additon  of  anti-CD40  (10  pg/ml)  fails  to  effect  a  calcium  response.  The  addition  of 
bradykinin  (1  mM)  evokes  a  large  calcium  transient  (n=2). 

5.  Inhibition  of  PTK  activation  blocks  CD40-,  but  not  bradykinin-induced  increases  in 
cytosolic  calcium.  ASM  was  pretreated  with  genistein  (5  pM)  for  1  hour,  and  then  treated  * 
with  anti-CD40  (10  pg/ml)  followed  by  bradykinin  (1  mM)  (n=3). 

6.  CD40-induced  tyrosine  phosphorylation.  ASM  cells  were  treated  with  anti-CD40  mAb 
(2  pg/ml)  for  the  indicated  times.  Cell  lysates  (20  pg/lane)  were  electrophoresed  by  SDS- 
PAGE,  transferred  to  PVDF  membrane  and  analyzed  by  immunoblotting  with  anti- 
phosphotyrosine  as  described.  Arrowheads  indicate  phosphorylated  proteins.  These  results 
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are  representative  of  6  experiments. 

7.  CD40  activates  NF-kB  in  ASM.  A)  Kinetics  .of  NF-kB  activation.  ASM  cells  were 
pretreated  with  IFN-y  (500  U/ml)  for  72  hours  then  stimulated  with  media  alone  or  with 
CD40LT  (10  pg/ml)  for  the  indicated  times.  Nuclear  extracts  were  prepared  as  described  in 
the  Materials  and  Methods  (n=4).  B)  Competition  and  supershift  analysis.  Nuclear  extracts 
prepared  from  CD40LT-treated  (10  pg/ml,  30  minutes)  ASM  were  incubated  with  the 
indicated  molar  excess  of  unlabeled  competitor  oligonucleotide,  or  with  antibodies  specific 
for  p50,  p65  or  c-Rel  prior  to  the  assay  for  NF-kB  binding  activity. 

8.  Extracellular  calcium  is  required for  NF-kB  activation  and  IL-6  secretion.  A)  ASM 
cells  were  pretreated  with  IFN-y  (500  U/ml)  for  72  hours  then  placed  in  HBSS  containing 
1%  BSA  and  2  mM  calcium.  Cells  were  pretreated  with  4mM  NiCl2  for  1 5  minutes  prior  to 
stimulation  with  CD40LT.  Nuclear  extracts  were  prepared  after  30  minutes  of  stimulation. 
B)  ASM  cells  were  treated  as  above  with  IFN-y  (500  U/ml),  then  pretreated  with  2mM  NiCl2 
for  15  minutes  in  HBSS  containing  1%  BSA.  Cells  were  then  stimulated  with  CD40LT  (10 
pg/ml)  in  the  presence  of  NiCI2  and  culture  supernatants  were  collected  after  24  hours.  The 
data  shown  are  representative  of  two  similar  experiments. 
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